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Summary

Phi29 DNA polymerase (Phi29 Pol) has been suc-
cessfully applied in DNA nanoball-based sequencing,
real-time DNA sequencing from single polymerase
molecules and nanopore sequencing employing the
sequencing by synthesis (SBS) method. Among
these, polymerase-assisted nanopore sequencing
technology analyses nucleotide sequences as a
function of changes in electrical current. This ionic,
current-based sequencing technology requires poly-
merases to perform replication at high salt concen-
trations, for example 0.3 M KCl. Nonetheless, the salt
tolerance of wild-type Phi29 Pol is relatively low.
Here, we fused helix–hairpin–helix (HhH)2 domains
E-L (eight repeats in total) of topoisomerase V (Topo
V) from the hyperthermophile Methanopyrus kandleri
to the Phi29 Pol COOH terminus, designated
Phi29EL DNA polymerase (Phi29EL Pol). Domain
fusion increased the overall enzyme replication effi-
ciency by fourfold. Phi29EL Pol catalysed rolling cir-
cle replication in a broader range of salt
concentrations than did Phi29 Pol, extending the KCl
concentration range for activity up to 0.3 M. In addi-
tion, the mutation of Glu375 to Ser or Gln increased
Phi29EL Pol activity in the presence of KCl. In this

work, we produced a salt-tolerant Phi29 Pol deriva-
tive by means of (HhH)2 domain insertion. The multi-
ple advantages of this insertion make it a good
substitute for Phi29 Pol, especially for use in nano-
pore sequencing or other circumstances that require
high salt concentrations.

Introduction

The discovery of DNA polymerase was a milestone in
modern biotechnology (Bessman et al., 1958; Lehman
et al., 1958). DNA polymerases are widespread in
almost all organisms and are involved in cell division,
genome replication and the maintenance of genetic
integrity, in conjunction with other proteins (Johansson
and Dixon, 2013). Generally, DNA polymerases (DNA
pols) are classified into seven subfamilies: A, B, C, D, X,
Y and RT, on the basis of conserved sequences and ter-
tiary structures (Rothwell and Waksman, 2005). Numer-
ous natural and mutant DNA polymerases have been
characterized in terms of their conserved sequences, 3D
structures, biochemical activities and enzymatic kinetics
(Saiki et al., 1988; Yamagami et al., 2014; Wang et al.,
2015), to identify ideal polymerases with high speed,
fidelity, processivity, enhanced binding to DNA and
dNTP substrates, and strong strand displacement activity
(Kong et al., 1993; Cline et al., 1996). Many have been
commercialized and successfully applied in scientific and
industrial fields, including PCR, RT-PCR, rolling circle
replication (RCR), cDNA synthesis, DNA terminal modifi-
cation and DNA sequencing (Saiki et al., 1988; Kong
et al., 1993; Cline et al., 1996; Dean et al., 2001; Gard-
ner and Jack, 2002; Yamagami et al., 2014; Wang et al.,
2015; Baba et al., 2017).
Recently, the identification and development of salt-

tolerant DNA pols have been undertaken to resolve the
difficulties associated with GC-rich DNA sequencing and
the new generation of nanopore sequencing technology
(Bernick et al., 2012; Bruce et al., 2016; Fuller et al.,
2016). For ionic-current-based nanopore sequencing,
polymerases, helicases or exonucleases are required to
process DNA in higher salt concentrations (0.2–1 M KCl)
than in other procedures, necessary to attain sufficient
ionic strength for nucleobase recognition and to increase
the signal-to-noise ratio (Clarke et al., 2009; Bruce et al.,
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2016; Fuller et al., 2016). However, most enzymes lose
activity in high-salt conditions (Saiki et al., 1988; Kong
et al., 1993; Cline et al., 1996; Dean et al., 2001; Gard-
ner and Jack, 2002; Yamagami et al., 2014; Wang et al.,
2015; Baba et al., 2017). To overcome such obstacles,
several naturally halophilic DNA pols have been isolated
from hypersaline ponds and deep-sea brines of the Red
Sea (Bernick et al., 2012; Bruce et al., 2016; Takahashi
et al., 2018). We previously characterized a halotolerant
DNA pol from the marine bacteriophage VpV262 that
infects pathogenic Vibrio parahaemolyticus (Gao et al.,
2020). Halophilic and halotolerant polymerases are typi-
cally enriched in acidic amino-acid residues (Hardies
et al., 2003; Bernick et al., 2012; Takahashi et al., 2018;
Gao et al., 2020). For example, the dynamic structure of
BR3 Pol, mediated by excess negatively charged resi-
dues and random coils, has been reported to contribute
to the halophilic adaptation of BR3 Pol (Takahashi et al.,
2018). Although polymerization by these enzymes could
occur in the presence of chlorides (> 0.3 M), other prop-
erties, including low processivity or polymerization rate,
make them unsuitable for direct use in sequencing
(Hardies et al., 2003; Bernick et al., 2012; Gao et al.,
2020). Cheng et al. harnessed the TBD (thioredoxin
binding domain) from phage T7 to improve the proces-
sivity of DNAP I from Staphylococcus aureus, chosen
because it can survive in tinned food at > 4 M NaCl,
while Sau DNAP I was able to work at 0.16 M. Com-
pared to wild-type, chimeric Sau–TBD DNAP I was toler-
ant to KAc (0.18 M), with more than a twofold increase
in processivity (Cheng et al., 2016).
Another approach to facilitate the salt resistance of

DNA pols is to construct chimeric enzymes by coupling
external domains to non-halophilic DNA pols, which has
been successful in several cases. The replacement of
the exonuclease domain or thumb domain of KOD Pol
(Thermococcus kodakarensis DNA polymerase) by those
from halophilic BR3 Pol increased its salt tolerance from
0.2 to 0.3 M KCl (Takahashi et al., 2018). Gss-
polymerase derivatives fused with the DBD domain
(DNA binding domain of DNA ligase from Pyrococcus
abyssi) or Sto7d protein (from Sulfolobus tokodaii) main-
tain approximately 40% of polymerase activity in 0.5 M
KCl, significantly higher than the < 10% of native
enzymes (Oscorbin et al., 2017). Taq polymerase or Pfu
polymerase fused with thermophilic Sso7d protein dis-
played a broader salt tolerance (from 0.01–0.05 to 0.01–
0.1 M KCl) and increased amplification over wild-type
polymerases (Wang et al., 2004).
Pavlov et al. reported that helix–hairpin–helix motifs

conferred salt tolerance to Taq Pol and Pfu Pol (Pavlov
et al., 2002). There are 24 HhH repeats at the C-
terminus of Topo V from hyperthermophilic Methanopy-
rus kandleri, organized into 12 (HhH)2 domains: A, B, C,

D, E, F, G, H, I, J, K and L, each consisting of two HhH
motifs (Slesarev et al., 1993; Shao and Grishin, 2000;
Belova et al., 2001). Among these domains, the E-L
domains are believed to function directly in the activity
and processivity at high salt concentrations, based on
biochemical analysis of truncated Topo-61 (Belova et al.,
2002). Topo-61, which consists only of an N-terminal
topoisomerase domain and the A-D domains, exhibited a
maximum activity at 0.03 M KCl, compared to 0.45 M
KCl for Topo V (Belova et al., 2002). Due to strong
sequence-nonspecific DNA binding, chimeric Taq Pol or
Pfu Pol with 5-8 (HhH)2 repeats, particularly for enzymes
with E-L cassettes, increased initial polymerization rates
in the presence of either chlorides or potassium gluta-
mate (Pavlov et al., 2002). Moreover, chimerism signifi-
cantly increased processivity and thermostability.
Importantly, this approach may be applicable to DNA
pols of both families A and B (Pavlov et al., 2002).
Phi29 Pol, encoded by Phi29, a bacteriophage infect-

ing Bacillus subtilis, is well known for its high fidelity and
multiple isothermal displacement amplification at 30°C
(Blanco et al., 1989). Although it is responsible for
protein-initiated genome replication in vivo, it also is
used in DNA-initiated replication experiments in vitro. It
has 575 amino-acid residues and belongs to the Pol B
family (Blanco and Salas, 1984; Bernad et al., 1987).
Crystallographic and biochemical studies have revealed
that Phi29 Pol possesses five conserved domains: palm,
finger, thumb, TPR1 and TPR2; together, they form one
tunnel for incoming dNTP, allowing the upstream tem-
plate/primer complex to leave, and another narrow tunnel
that allows the displaced downstream strand to pass
through (Blanco and Salas, 1996; Rodr�ıguez et al.,
2005; Berman et al., 2007). These delicate structural
features endow Phi29 Pol with intrinsic strand displace-
ment capability, making it an ideal enzyme for RCR and
genome amplification without requiring thermal cycling.
In recent years, Phi29 Pol has been exploited in multiple
sequencing technologies, including real-time DNA
sequencing from single polymerase molecules (Korlach
et al., 2010), DNA nanoball-based sequencing (Drmanac
et al., 2010) and nanopore sequencing employing the
sequencing by synthesis (SBS) method (Fuller et al.,
2016). However, previous research has shown that the
DNA binding and salt tolerance of wild-type Phi29 Pol
are relatively low (Blanco et al., 1989; de Vega et al.,
2010).
In this study, we followed a strategy described by Pav-

lov et al. (2002), selecting (HhH)2 domains as described
above to create a chimeric Phi29 Pol with enhanced salt
tolerance. The aim of this study was to obtain salt-
tolerant Phi29 Pol derivatives. Eight continuous (HhH)2
domains, used in the chimeras PfuC2 and TaqTopoC2
(Pavlov et al., 2002), were ligated to the C-terminus of
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Phi29 Pol. An N-terminal fusion was not attempted, as
structural and functional analyses indicated that it may
cause steric hindrance and interfere with the strand dis-
placement capacity of wild-type Phi29 Pol (Kamtekar
et al., 2004; Rodr�ıguez et al., 2005; de Vega et al.,
2010). Phi29-H Pol was also constructed as described
previously (de Vega et al., 2010) for use in salt tolerance
tests.

Results

Design and expression of chimeric Phi29 DNA
polymerases

The E-L domains of Topo V from M. kandleri were fused
with Phi29 Pol (Fig. 1A), resulting in the chimeric protein
Phi29EL Pol. Residues 518–964, representing the E-L
tandem repeats, were used to build a protein structural
model. However, only residues 518–852, corresponding
to E-J domains, could be modelled, as the missing
domains F and G in the crystal structure of Topo-97
were predicted to be unstructured (Fig. S1) and sug-
gested to be a hinge point (Rajan et al., 2016). More-
over, the other domains were superimposed well with
each other (Fig. S1). Therefore, the modular structure of
the chimeric polymerase was generated by combining
the Phi29 Pol and Topo V-EL models (Fig. 1B). With a
short peptide connector linking the COOH-termini of

Phi29 Pol and Topo V-EL, flexible (HhH)2 domains most
likely lay at the end of dsDNA, extending away from the
rigid polymerase module and participating in interactions
with upstream template/primer strands (de Vega et al.,
2010) in a similar manner to topoisomerase and other
DNA processing enzymes with HhH motif(s) (Sawaya
et al., 1997; Shao and Grishin, 2000; Newman et al.,
2005).
The recombinant protein was stable and active if

stored in elution (Fig. S2A) or storage buffer (Fig. S2B,
lane 1) with 0.5 M NaCl, in contrast to immediate precip-
itation (e.g. proteolysis) in common PBS with ~ 0.1 M
NaCl (Fig. S2B, lane 2). This characteristic of Phi29EL is
clearly different from that of Phi29 Pol, which is stable
and active in low-salt buffers, such as PBS (Fig. S3).
The salt-dependent stability of Phi29EL Pol is consistent
with previous studies showing that Topo V required
0.45 M KCl or 0.3 M NaCl for maximal activity, with the
(HhH)2 domains involved in DNA binding and processiv-
ity at high salt concentrations (Slesarev et al., 1994;
Belova et al., 2002).

A high processivity is kept intact in the Phi29EL Pol
chimera

Previous studies have reported that chimeric Phi29 poly-
merases produced by fusing one or two (HhH)2 domains
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Fig. 1. Diagram of chimeric Phi29EL Pol. (A) E-L (HhH)2 repeats from Topo V (pink) were fused to the C-terminal end of Phi29 Pol (white) with
a linker sequence (GTGSGA) between them. Ls, linker sequence. (B) The 3D structure of Phi29EL Pol modelled by Swiss-PdbViewer. Phi29
Pol structure (PDB: 2PYL) complexed with substrate DNA (green) was downloaded from PDB. The modular structure of E-J domains was pre-
dicted using SWISS-MODEL. Both domains are shown in the same colours as described for Panel A. The template/primer junction is shown in
green. The COOH termini of Phi29 Pol and NH2 termini of (HhH)2 domains are shown in red and cyan, respectively. The linker sequence (Ls)
is shown as a blue line. Except for the G motif and part of the F motif being disordered, all the other domains matched well with the crystal
structure of the Topo-97 fragment (PDB: 5HM5). The spatial arrangement of (HhH)2 domains is beneficial for DNA binding.
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increase DNA binding without decreasing processivity
(de Vega et al., 2010). To examine the processivity of
Phi29 wild-type and chimeric DNA polymerases, we per-
formed rolling circle replication (RCR) with singly primed
M13mp18. We first performed the extension with Buffer
2 at 30°C (Figs S4 and S5).
After extension, a linear DNA fragment larger than

48 kb was produced as an elongated primer for both
Phi29 Pol and Phi29EL Pol (Fig. 2A and B). Apart from
DNA products larger than 48 kb, several weak bands
appeared around the M13 templates of Phi29EL Pol
(Fig. 2) and Phi29 Pol (Fig. S6) at multiple enzyme con-
centrations, indicating that they were not produced by
dissociation. These bands possibly represented blocked
extension products, or snap-back products (after switch-
ing Pol to the displaced strand, which then became the
template), which have also been detected before autora-
diography (Blanco et al., 1989; de Vega et al., 2010). No
shortened DNA product was obtained during the dilution
of the corresponding enzymes, indicating that neither
Phi29 Pol nor Phi29EL Pol had disassociated from the
substrate DNA after DNA–enzyme complex formation.

The addition of (HhH)2 domains did not alter extension
and processivity of the chimera.
As shown in Fig. 2C, the extension product of

Phi29EL Pol was approximately fourfold higher than that
of Phi29 Pol when the molar ratio of the enzyme to the
circular template was 20, indicating that chimeric DNA
Pols exhibited better replication performance. As the
ratio between the enzyme and template declined from
20 to 2.5, the total amount of replication product
decreased for both enzymes. Additionally, Phi29EL Pol
at a 2.5-fold dilution produced as much DNA as Phi29
Pol at a 20-fold dilution, demonstrating the high effi-
ciency of the heterozyme in practical applications. The
higher activity of Phi29EL Pol in the assay could be due
either to an improved processivity or to a more efficient
initial binding to the primed-M13 template.

(HhH)2 domains increase polymerase resistance to
potassium gluconate in hairpin extension

Using a 53-nt hairpin template, we evaluated the activity
of Phi29EL Pol with NaCl, KCl, potassium acetate (KAc),
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Fig. 2. Processivity of Phi29 Pol and Phi29EL Pol with singly primed M13mp18 single-strand DNA. Processivity was quantified by the gradual
dilution of Phi29 Pol (A) and Phi29EL Pol (B). After incubating at 30°C for 30 min, samples were mixed with loading buffer for electrophoresis.
The molar concentrations of enzymes were 20- (Lane 1), 10- (Lane 2), 5- (Lane 3) and 2.5-fold (Lane 4) more than that of the M13 template.
(C) Quantification of newly synthesized DNA from rolling circle replication. Data are shown as product concentrations versus molar ratios of
DNA polymerase to M13 ssDNA. The dotted line and solid line represent Phi29 Pol and Phi29EL Pol, respectively. DNA length markers are
labelled with arrowheads in A and B.
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or potassium gluconate (KGlc) individually. As shown in
Fig. 3A and B, Phi29EL Pol produced 31% more exten-
sion products than did Phi29 Pol without salt added,
although higher salt concentrations all hindered the
extension of hairpins to different extents.
The negative impact of NaCl or KCl on enzyme activ-

ity was between that of KAc and KGlc. Both enzymes
exhibited the best performance in 0.1 M chloride
(Fig. 3C and D). More than half of the total activities of
both enzymes was prevented by 0.3 M chloride (Fig. 3C
and D). A progressive increase in ionic strength (with
NaCl and KCl) appeared to cause the same extent of
inhibition for both Phi29 Pol and Phi29EL Pol. Although
the wild-type enzyme retained activity in the presence of
higher salt concentration than Phi29EL Pol (0.4 vs 0.3 M
for NaCl, 0.5 vs 0.4 M for KCl), Phi29EL Pol had a rela-
tively small activity fluctuation among 0–0.2 M chloride
(Fig. 3). Among the four salt solutions, KAc caused the
least inhibition of the replication reaction for both
enzymes. Phi29EL Pol generated more products than
Phi29 Pol when treated with 0–0.5 M. More than 40%
and 80% of the extension products were still obtained

with 0.5 M KAc for Phi29 Pol and Phi29EL Pol, respec-
tively. However, the assay was very saturated with most
of the hairpin is extended at low salt with Phi29EL Pol,
making it difficult to estimate the reduction produced by
the increase in ionic strength. On the other hand, the
activity of Phi29 Pol was inhibited at 0.1 M KGlc, while
Phi29EL worked efficiently at 0.1 M KGlc and retained
some activity at 0.3 M KGlc. In conclusion, the hetero-
zyme Phi29EL Pol showed an increased halotolerance
with the salt KGlc (Fig. 3).

Phi29EL DNA polymerase tolerates a broad salt
concentration range in rolling circle replication

Compared to primer extension of hairpins less than 100
nt, the extension of singly primed M13mp18 requires
more time to generate a much longer product progres-
sively with circular templates. To test the salt tolerance,
polymerization rate and strand displacement capability of
Phi29EL Pol, four salts were added to the RCR reaction
system separately. Higher concentrations of NaCl or KCl
partially inhibited the activity of the two enzymes (Fig. 4A
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Fig. 3. Salt tolerance of Phi29 Pol and Phi29EL Pol. Divergent salts ranging from 0 to 1 M were separately added into the hairpin extension
reactions with Phi29 Pol (A) and Phi29EL Pol (B). TBE-urea gels (20%) were used to separate the templates and extension products. Complete
extension products in A and B were quantified by band intensity. The y-axis in panels C and D indicates the product concentration relative to
the total amount of template in the last lane of each gel. Data are presented as means � SD. (E) The hairpin sequence was 53 nt, while the
extension product was 74 nt.

ª 2021 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 14, 1642–1656

1646 Y. Gao et al.



and B). Phi29EL Pol performance was significantly better
than that of the wild-type Phi29 Pol. We found that about
4 ng of DNA was synthesized by Phi29 Pol at 0.1 M
KCl, but no product was detected when Phi29 Pol was
incubated with 0.2 M NaCl or 0.3 M KCl for 30 min
(Fig. 4A). However, weak bands appeared after 1 h of
incubation with 0.3 M KCl for Phi29 Pol, and progressive
accumulation of products was detected over time
(Fig. S6). We found that 0.1 M NaCl or 0.2 M KCl almost
halted the RCR activity of Phi29 Pol, whereas approxi-
mately 50% and 20% of the extension products, respec-
tively, were obtained with Phi29EL Pol under the same
conditions (Fig. 4C and D). We noticed that the product
concentration of Phi29EL Pol with 0.3 M KCl was equiv-
alent to that of Phi29 Pol without extra salt, demonstrat-
ing the efficient catalytic activity and higher salt
tolerance of Phi29EL Pol (Fig. 4C and D).
The influence of NaCl and KCl on polymerization by

Phi29EL Pol differed according to the length of the syn-
thesized products. Increasing concentrations of NaCl led
to an abrupt reduction in both concentration and length of
the extension product (Fig. 4A and B). KCl only affected
concentration, while product length seemed to be identical
with 0.1–0.3 M of KCl in the solution (Fig. 4A and B). The
difference in product size with NaCl was not caused by
the difference in the salt content of the reaction buffer.

This is because only the mobility of the product band with
NaCl was different, but not with other bands, such as
M13 templates. Moreover, the same product loaded with
various NaCl contents showed the same mobility (data
not shown). In conclusion, mobility alteration was only
related to product length (Fig. 4A and B).
Both Phi29 and Phi29EL Pol displayed the highest

resistance to KAc compared to the other salts, consistent
with the results of the hairpin extension experiments
(Fig. 3). Both were able to replicate in 0.3 M KAc,
although the amount of newly replicated DNA by Phi29
Pol was less than that of Phi29EL Pol (Fig. 5A and B).
Conversely, KGlc caused the most serious damage to
both proteins. We did not detect product DNA when
Phi29 Pol was incubated with KGlc (0.1 M) (Fig. 5A).
Phi29EL Pol generated a small amount of DNA with
0.1 M KGlc (Fig. 5B). Quantification of the extension
products further confirmed these results (Fig. 5C and D).
These results showed that Phi29EL Pol was more tolerant
to a series of salts than was Phi29 Pol (Figs 4 and 5).

The addition of (HhH)2 motifs increases 30-50

exonuclease activity

The 30-50 proofreading exonuclease activity of Phi29 Pol
contributes to fewer insertion errors and high-fidelity
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Fig. 4. Salt tolerance of Phi29 Pol and Phi29EL Pol. Different concentrations of NaCl or KCl were added into the singly primed M13mp18
extension experiment. Products of Phi29 Pol (A) and Phi29EL Pol (B) were separated using 0.6% alkaline agarose gels. Lane 1, background
reaction mixtures without enzyme; Lane 2, no added salt; Lanes 3–5, 0.1, 0.2 and 0.3 M NaCl; Lanes 6–8 with 0.1, 0.2 and 0.3 M KCl. The
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replication. Since the (HhH)2 domains were flexible and
organized into the C- terminal end of the enzyme,
domain fusion may not significantly change the structure
and activity of the exonuclease domains. To test this
hypothesis, we synthesized three oligonucleotides to
assess exonuclease activity (Guga and Koziołkiewicz,
2011; Gao et al., 2020). In this method, oligos with the
two constitutive phosphorothioates at the 30 end (Oligo
B, Fig. 6A) were protected from degradation by 30-50

exonuclease, while natural (Oligo A, Fig. 6A) or 50-
modified oligos (Oligo C, Fig. 6A) were barely detected
after incubation with 30-50 exonuclease (Gao et al.,
2020). As shown in Fig. 6B, Oligo A and 50-protected
Oligo C were digested immediately after incubation with
Phi29 Pol or Phi29EL Pol, deploying their 30-50 exonucle-
ase activity, while 30-protected Oligo C remained for both
enzymes.
A 30 to 50 exonuclease activity assay was then per-

formed (Fig. 6C). The specific activity of Phi29EL Pol
(0.33 lU pmol�1) was approximately 5.5-fold greater
than that of Phi29 Pol (0.06 lU pmol�1) after monitoring
the fluorescent signal in kinetic mode for 40 min. The
sequence of the exonuclease domain in Phi29EL Pol did
not change compared with Phi29 Pol, suggesting that
the elevated exonuclease activity of Phi29EL Pol
resulted from domain fusion and interaction.

Point mutations in the finger domain further enhance salt
tolerance of the chimeras

Anions play a key role in the inhibition of DNA poly-
merase activity (Pavlov et al., 2002). Topo V (HhH)2
motifs have been reported to enhance DNA binding in
a sequence-nonspecific manner, especially at high salt
concentrations (Belova et al., 2001; Belova et al.,
2002). However, it is not known whether the incorpora-
tion of dNTPs mediated by the finger domain of
Phi29EL Pol is affected by high salt concentrations.
Thus, we focused our efforts on improving the salt tol-
erance of the finger domain. The non-conserved resi-
due glutamic acid 375 (E375) has been identified as
anticipating the incorporation of nucleotide analogs with
extra phosphate (Hanzel et al., 2017). We therefore
generated a series of E375 mutants based on Phi29EL
Pol for the salt tolerance assay, generating Phi29EL-
E375A/K/H/S/Q/W/Y (Fig. 7). RCR products of
Phi29EL-E375S/Q mutants were produced at a higher
level than that of Phi29EL Pol with 0 or 0.3 M KCl. In
contrast, the polymerization activities of Phi29EL-
E375A/K/H and Phi29EL Pol were comparable. The
performance of Phi29EL-E375W and Phi29EL-E375Y
was less efficient than that of the Phi29EL wild-type.
While W or Y mutations endowed Phi29 Pol with
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Fig. 5. Salt tolerance of KAc and KGlc for Phi29 Pol (A) and Phi29EL Pol (B). KAc or KGlc at 0–0.3 M added to the reaction mixture separately
with singly primed M13mp18 as templates. Lane 1, background reaction without enzyme; Lane 2, no added salt; Lanes 3–5, with 0.1, 0.2 or
0.3 M KAc; Lanes 6–8 with 0.1, 0.2 or 0.3 M KGlc. Quantification analysis of the synthesized DNA under increased concentrations of KAc (C)
and KGlc (D). Compared to NaCl and KCl, both of the enzymes were much more resistant to KAc and sensitive to KGlc. Data are presented as
means � SD.
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enhanced incorporation ability for tetraphosphate
nucleotide analogs (Hanzel et al., 2017), the E375S/Q
mutation conferred elevated salt tolerance of Phi29EL
Pol. Changing residue E375 to A or Y in Phi29 Pol
did not raise salt tolerance to the same extent as that
of the Phi29EL mutants (Fig. S7). The combination of
the (HhH)2 domain and site-directed mutations con-
tributed to the salt resistance of the Phi29EL Pol
derivatives.

Finally, the extension rate of the Phi29EL derivatives
was lower than that of Phi29 Pol (Fig. S8), which is ben-
eficial for sequencing because a slow reaction rate is
essential for detecting each base in order. However,
mutations in the finger domain, which is responsible for
dNTP incorporation, of the Phi29EL variants mentioned
above may impact the accuracy of dNTP incorporation.
Further experiments are required to measure the fidelity
of the chimeras.

Oligo A    5'-GAC TGA CCG ACC AGC CTT G-3'. 
Oligo B    5'-GAC TGA CCG ACC AGC CTsTs G-3'
Oligo C    5'-GsAsC TGA CCG ACC AGC CTT G-3'
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Fig. 6. Exonuclease activity of Phi29 Pol and Phi29EL Pol.
A. Sequences and modifications of Oligos A, B and C. The lowercase ‘s’ denotes phosphorothioate.
B. Both polymerases (200 nM) were separately mixed with three oligos for 10 min. The reactions were analysed using a 20% TBE-urea gel. 30-
50 proofreading exonuclease activity of both enzymes could degrade natural oligos (Oligo A) and 50 phosphorothioate-modified oligos (Oligo C)
after a short time of incubation.
C. Specific activity assay. A 30 to 50 exonuclease activity assay was performed with Phi29 Pol or Phi29EL Pol according to the manufacturer’s
instructions. Data are presented as means � SD.
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Discussion

Roles of (HhH)2 repeats in sequence-nonspecific DNA
binding

Conferring DNA polymerase with salt tolerance is essen-
tial for polymerase-assisted nanopore sequencing. Previ-
ous reports have shown that the salt tolerance of Phi29
Pol was relatively higher than that of the Klenow frag-
ment from E. coli. While 0.05 M NaCl eliminated the
activity of the Klenow fragment, Phi29 Pol generated
DNA of the same size in both the absence and presence
of 0.1 M NaCl (Blanco et al., 1989). These data empha-
size that salt addition suppresses the polymerization
activity of wild-type Phi29 Pol. Salt stress may affect
the structural integrity of the polymerase, hindering
DNA anchoring on the polymerase, and the replication
initiation.
The observation that chimeric Phi29EL Pol showed

enhanced salt tolerance was in agreement with a previ-
ous study of domain tagging Taq Pol or Pfu Pol chi-
meras (Pavlov et al., 2002). Our work also confirmed
the function of the last eight (HhH)2 repeats in
sequence-nonspecific DNA binding. While high salt con-
centration disrupts the protein–DNA interaction and
hampers polymerization, flexible (HhH)2 repeats may
stabilize the binary complex. Phi29-H or Phi29-HI with
one or two (HhH)2 have been found to improve DNA
binding and replication performance. Salt tolerance
assays showed that Phi29EL Pol was most tolerant, fol-
lowed by Phi29H and Phi29 Pol (Fig. S9). This sug-
gests that salt tolerance is related to the length of
(HhH)2 motifs and proportional to the number of (HhH)2
repeats, in accordance with a previous finding where
the highest KCl concentration at which activity was
detected was 0.55, 0.10 or 0.05 M for Topo V, Topo-78
or Topo-61, with 12, 8 or 4 (HhH)2 motifs, respectively
(Pavlov et al., 2002). Multiple (HhH)2 repeats are nec-
essary for DNA binding under hyperthermal or hyper-
saline conditions.
Specific structural features of the (HhH)2 domain con-

tribute to its function in DNA binding. (HhH)2 domains
contain highly conserved sequences and two HhH motifs
connected by a short a-helix (Pavlov et al., 2002; Rajan
et al., 2016). This five-helix domain forms a stabilized
hydrophobic core for supporting DNA, whereas the
pseudo-2-unit domain forms a symmetrical structure,
allowing stronger binding with symmetrical double helix
DNA (Shao and Grishin, 2000; Pavlov et al., 2002;
Rajan et al., 2016). The GhG (h, a hydrophobic amino
acid residue) element in the hairpin region is responsible
for DNA binding via a hydrogen bond with the sugar-
phosphate backbone, rather than the base (Shao and
Grishin, 2000; Newman et al., 2005). The unique struc-
ture of (HhH)2 shows that its interaction pattern is

non-specific and extremely strong. In fact, some DNA
polymerases naturally harbour HhH motifs for strong
DNA binding, such as DNA polymerase b (Sawaya
et al., 1997; Newman et al., 2005; de Vega et al., 2010).
What is the mechanism of DNA binding for (HhH)2 at

high salt concentrations? Considering that a characteris-
tic feature of halophilic or halotolerant proteins is a high
proportion of acidic residues (Graziano and Merlino,
2014), we analysed the amino-acid composition of the
(HhH)2 motifs. The E-J domains of Topo V have equal
numbers of acidic and basic residues (83 aa). The salt
tolerance of Phi29EL Pol could be explained by the con-
served protein sequence and intrinsic strong DNA bind-
ing of the (HhH)2 domains, rather than by halophilic
properties or halophilic engineering (Graziano and Mer-
lino, 2014; Ortega et al., 2015; Warden et al., 2015).
However, a well-defined interaction between multiple
(HhH)2 domains and long, double-stranded DNA needs
to be confirmed to clearly explain the molecular mecha-
nism of protein–DNA contacts in this instance.
The construction of a chimeric Phi29 Pol has been

described earlier to improve DNA binding capacity and
amplification efficiency with either circular or genomic
DNA as templates (de Vega et al., 2010). The introduc-
tion of the H or HI repeats of Topo V to Phi29 Pol, pro-
ducing Phi29-H and Phi29-HI, respectively, produced a
fourfold increase in RCR efficiency (de Vega et al.,
2010). In this study, we found that Phi29EL Pol could
also produce fourfold to fivefold greater amounts of
single-stranded DNA than Phi29 Pol in the absence of
salt, while product length was similar, as shown in
Figs 2, 4 and 5. We also noticed that the total amount of
newly synthesized DNA was comparable between
Phi29H Pol and Phi29EL Pol after incubation for 30 min,
suggesting that the amplification efficiency might have
peaked in the reaction mixture, given that enzyme con-
centrations were 20-times higher than the template/pri-
mer complex. DNA gel-retardation assays demonstrated
increased DNA binding of Phi29-H and Phi29-HI (de
Vega et al., 2010). Thus, (HhH)2 domains may help poly-
merases anchor with greater affinity to DNA templates,
especially when the template concentration is low (de
Vega et al., 2010). In this sense, the outstanding replica-
tion performance of Phi29EL Pol could be attributed to
strong DNA binding of multiple (HhH)2 domains.
Although both Phi29 Pol and Phi29EL Pol showed 30-

50 exonuclease activity, the specific activity of Phi29EL
Pol was approximately sixfold higher than that of Phi29
Pol (Fig. 6C and D). However, the increased exonucle-
ase activity was in accordance with the enhanced repli-
cation efficiency (Figs 2, 4–6) after domain fusion. The
fact reveals that (HhH)2 domain has a positive effect on
both polymerization and exonucleolysis. A more efficient
initial binding to DNA or an improved processivity could
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play a critical role in the increased enzymatic activity. On
the other hand, lying at the exit of upstream dsDNA pro-
duct (Fig. 1), multiple (HhH)2 repeats may indirectly help
stabilize DNA at the active sites of polymerization and
30-50 exonuclease domain. Single substitutions in the
conserved motif ‘YxGG/A’, which located between the
30-50 exonuclease and polymerization domains of Phi29
Pol, showed high or low pol/exo ratio phenotypes (Truni-
ger et al., 1996). The altered balance between synthesis
and degradation of Phi29 Pol mutant derivatives was
proposed to be related with defects in template/primer
DNA binding at 30-50 exonuclease or polymerization
active sites (Truniger et al., 1996). We can propose that
HhH motifs play an indirect role in the interaction
between polymerase and DNA as well.

Acquisition of new properties by point mutations

Point mutation method has been proven efficient for reg-
ulation of the polymerase properties, including activity,
fidelity of replication and the incorporation of nucleotide
analogs (Truniger et al., 1996; Gardner and Jack, 1999;
Gardner and Jack, 2002; Loh and Loeb, 2005; Hanzel
et al., 2017). Analysis of Phi29EL mutant derivatives
indicated that the acidic amino acid residue (E375) was
not beneficial for substrate incorporation in high salt, as
well as basic residues H, or K, apolar residues W, Y or
A. Only polar residues S or Q with abilities to improve
further the salt tolerance of Phi29EL Pol (Fig. 7). Nega-
tively charged Glu375 belonging to the finger domain
locates at the entrance of the pocket for incoming dNTP
(Berman et al., 2007). Mutation of Glu375 to His, Lys,
Trp, Tyr, Ala, Ser or Gln enhanced the incorporation of
tetraphosphate nucleotide analogues, together with posi-
tively charged residues Lys371, Lys379 and Lys383 (Han-
zel et al., 2017). However, halophilic proteins are
characterized to have fewer basic or apolar residues
(Fukuchi et al., 2003; Ortega et al., 2015). Thus, polar
and neutral residues Ser or Gln appears to be preferred
than the negatively charged Glu in high salt. Point
mutation results provide indication of how to select
residues with high incorporation efficiency at high salt
concentrations.

Engineering of salt tolerant DNA polymerases

In this study, we generated a chimeric Phi29EL Pol with
improved salt tolerance. In terms of salt resistance, DNA
polymerases can be divided into two classes: salt-
tolerant and salt-sensitive. Engineering non-halophilic
polymerases to become halophilic or salt tolerant is
an effective, convenient and promising way to satisfy
the requirements of nanopore sequencing technology.
Unfortunately, the amplification efficiency of Phi29EL

decreases with increasing salt concentration, with an
optimum at 0 M KCl (Figs 4 and 5). To address this defi-
ciency, new schemes for polymerase modifications, such
as halophilic engineering of industrial enzymes via
rational design of proteins with increasingly acidic resi-
dues, need to be developed (Warden et al., 2015; Wang
et al., 2018; Zheng et al., 2019). Another potential future
strategy is to introduce novel potential polymerases
working optimally and naturally in high salt with the
aid of genomic or metagenomic analysis of halophilic
organisms.
Polymerase-assisted nanopore sequencing at single-

nucleotide resolution should be more accurate than DNA
passing through a pore constriction site directly because
of the high fidelity of polymerase (Manrao et al., 2012;
Heger, 2014; Fuller et al., 2016). An improved applica-
tion of halophilic or halotolerant polymerases in sequenc-
ing will remove the ionic barriers for polymerases in this
context. A higher ionic concentration would also help to
provide a higher signal-to-noise ratio, allowing the use of
low-cost and easily synthesized substrates, such as
PEG-labelled nucleotides, which require high salt con-
centrations for analysis (Wang et al., 2014; Bruce et al.,
2016; Fuller et al., 2016).

Experimental procedures

Plasmid preparation and protein expression

The coding sequences of Phi29 Pol and Topo V were
synthesized and cloned into the pGEX-6p-1 and pET28-
a vectors by Generay (China). Sequence information
was obtained from the NCBI database. DNA fragments
encoding the H domain (residues 696–751) and E-L
domains (residues 518–964) of Topo V after PCR were
tethered to the COOH terminus of Phi29 Pol using KasI
(R0544S; NEB, USA). The sequence of the linker pep-
tide was GTGSGA. The scheme for generating the chi-
meric gene was that described by de Vega et al. (2010),
except that EcoRI and NotI were used for ligation with
the vector. Mutants Phi29EL-E375A, Phi29EL-E375K,
Phi29EL-E375H, Phi29EL-E375S, Phi29EL-E375Q,
Phi29EL-E375W and Phi29EL-E375Y were generated
with the Fast mutagenesis system (FM111-01; Trans-
gene, Beijin, China). Primers used for mutagenesis are
listed in Table S1.
The expression vectors pGEX6p-1-Phi29, pET28a-

Phi29H, pET28a-Phi29EL and pET28a-Phi29EL variants
were transformed into chemically competent E. coli cells
Transette DE3 (CD801-02; Transgene, China) or BL21
(CD901-02; Transgene, China) according to the manu-
facturer’s instructions. Overnight Express Autoinduction
System 1 (71300-4; Millipore, Billerica, MA, USA) was
used for pGEX6p-1-Phi29 expression at 30°C for 16 h.
Alternatively, expression was induced with IPTG at 16°C
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for 16 h. Then, GST-tagged Phi29 Pol was purified with
Glutathione Sepharose 4 B (17-0756-01; GE Healthcare,
Uppsala, Sweden), and the GST tag cleaved using
PreScission protease (27-0843-01; GE Healthcare, USA)
overnight at 4°C. Histidine-tagged recombinant Phi29H,
Phi29EL Pol and Phi29EL mutants were purified using
Ni Sepharose resin (17-5318-01; GE Healthcare, USA)
following the manufacturer’s instructions. After purifica-
tion, Phi29 Pol was exchanged with PBS buffer using an
Amicon� Ultra-15 Centrifugal Filter Unit (UFC905024;
Millipore, USA). Other proteins were concentrated in the
same way, but stored in 20 mM Tris-HCl buffer (pH 8.0,
25°C) with 0.5 M. Purity and concentration of the purified
proteins were analysed using a QubitTM protein assay kit
(Q33211; Thermo Fisher Scientific, Eugene, OR, USA)
and 12% SDS-PAGE. The Blue Plus� II Protein Marker
(DM111-01; Transgene, China) was used as a protein
marker.

Hairpin extension

A 53 nt long hairpin (Generay, Shanghai, China) was
designed as a template to generate product DNA (74 nt)
for the extension experiment. The hairpin sequences are
listed in Table S1. The reaction buffer, Phi29 buffer (or
Buffer 2), was composed of 50 mM Tris-HCl (pH 7.5),
10 mM MgCl2, 10 mM (NH4)2SO4, and 4 mM DTT.
Other components included 200 lM dNTPs, 0.5 lM hair-
pin and 200 nM of the corresponding enzymes. To opti-
mize pH value and other conditions, another three
buffers with different pH values were tested as previ-
ously described (Gao et al., 2020). Buffer 1 consisted of
20 mM phosphate buffer, 10 mM MgCl2, 10 mM
(NH4)2SO4 and 4 mM DTT, pH 5.8; Buffer 3 consisted of
10 mM Tris-HCl, 50 mM KCl and 1.5 mM MgCl2, pH 8.3;
and Buffer 4 consisted of 20 mM Tris-HCl, 10 mM
(NH4)2SO4, 0.1% Triton X-100, 50 mM KCl and 2 mM
MgSO4, pH 8.8. (Takahashi et al., 2018).
Reactions were incubated at 30°C for 10 min in a

Mastercycler� nexus PCR thermocycler (Eppendorf,
Germany). To stop the reactions, 0.5 M EDTA (R1021;
Thermo Fisher Scientific, USA) was added. A total of
5 ll of each sample was loaded for 20% TBE-urea gel
electrophoresis. After staining with SYBR Gold (S11494;
Thermo Fisher Scientific, USA), images were taken and
analysed using the Azure Biosystem c300 (Azure
Biosystems, Dublin, CA, USA). Band intensities of the
complete extension products were used to evaluate poly-
merization activity. The relative product concentration
was calculated using the total amount of template as a
control.
Polymerase resistance to NaCl, KCl, potassium acet-

ate (KAc) or potassium gluconate (KGlc) was tested sep-
arately. Concentrations of 0, 0.1, 0.2, 0.3, 0.4, 0.5 or

1 M of each salt were separately added into the exten-
sion mixture without changing the other components. For
the thermal stability assay, proteins were incubated at
30, 37, 45, 55, 65, 75 and 85°C for 20 min prior to the
hairpin extension experiments. The reaction temperature
was 30°C. The reaction products were treated and anal-
ysed as described above. Each assay was repeated at
least twice independently.

Rolling circle replication assay

Rolling circle replication (RCR) was performed using sin-
gly primed M13mp18 as a template. The M13mp18 tem-
plate (N4040S; NEB, Ipswich, MA, USA) was hybridized
with a 10-fold higher amount of primers by heating at
95°C for 3 min, followed by holding at room temperature
for 30 min (Kong et al., 1993). After annealing, 450 ng
of M13mp18 was added to the 20-ll reaction, which con-
sisted of the same buffer for the hairpin extension and
the indicated amounts of enzymes. In general, 200 nM
enzyme was used for each assay. The reactions were
incubated at 30°C for 30 min and then stopped by add-
ing 0.5 M EDTA.
Each sample (5 ll) was then analysed by 0.6% alka-

line agarose gel electrophoresis, performed according to
a simplified protocol (Sambrook and Russell, 2002; Gao
et al., 2020). After dissolving SeaKem GTG Agarose
(50071; Lonza, Rockland, ME, USA) in ultrapure water
by heating, 109 alkaline buffer was added after the solu-
tion was cooled to room temperature for 10–15 min.
Samples were prepared in 109 alkaline buffer (NA0070;
Leagene, Beijing, China) and 69 alkaline loading buffer
(SL2212-5 ml; Coolaber, Beijing, China). The GeneRuler
High Range DNA Ladder (SM1351; Thermo Fisher Sci-
entific, USA) including DNA from 10.1 kb–48.5 kb was
treated in a similar manner to the samples. A flow rate
peristaltic pump (BT100-1L; Longerpump, Baoding,
China) was set up at 12.15 ml min�1 to provide an
appropriate flow rate of buffer through the chamber fol-
lowing the manufacturer’s standard protocols. After 2–
3 h of electrophoresis performed at 3 V cm�1, the gel
was stained with SYBR Gold in 19 TAE buffer for
40 min. The concentrations and molecular weights of the
synthesized DNA were assessed according to the band
migration using AzureSpot. For the processivity assay,
the molar ratio of DNA polymerases to M13 was set to
20, 10, 5 or 2.5 (Blanco et al., 1989; de Vega et al.,
2010). The dilution of enzymes would cause competition
between different substrates if those with weak proces-
sivity disassociated from the DNA–enzyme complex,
leading to distributive DNA products of variable sizes.
After extension for 30 min, the length and distribution of
the products were detected by alkaline agarose gel elec-
trophoresis and analysed using AzureSpot.
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To analyse salt inhibition of RCR, 0–0.3 M of NaCl,
KCl, KAc or KGlc were added into the RCR mix without
changing other components or reaction conditions
(Hardies et al., 2003; Wang et al., 2004; Oscorbin et al.,
2017). The samples were subjected to the same proce-
dure for detection. The decreased amounts of single-
stranded DNA generated by RCR represented salt
inhibition.
To measure the replication rate of the Phi29 variants,

the RCR reactions were stopped after extension for
10 min when the DNA fragment migrated to the resolv-
ing part of the gels (Blanco et al., 1989; de Vega et al.,
2010). The concentrations and molecular weights of the
synthesized DNA were assessed using the Azure
system.

Exonuclease activity assay

Phosphorothioate (Thiol) modifications at the 30 or 50 end
of oligonucleotides, which protect oligos from degrada-
tion of the 30-50 or 50-30 exonuclease, were used to anal-
yse the exonuclease direction and activity in this
methodology (Guga and Koziołkiewicz, 2011; Keith
et al., 2013). Phi29 Pol and Phi29EL Pol were incubated
with 1 lM natural or thiol-modified oligonucleotides
(Generay, China), respectively, in Phi29 buffer in a final
volume of 10 ll (Gao et al., 2020). Briefly, natural oligos
or oligos modified at the 50 end were cleaved from the 30

end by 30-50 exonuclease activity of polymerase,
whereas 30 modified oligos were protected from exonu-
clease digestion by phosphorothioates at the 30 end.
After incubation for 10 min, the products were analysed
using a 20% TBE-urea polyacrylamide gel. The specific
type and remaining concentration of the original oligos
after exonuclease digestion were representative of the
biochemical properties of the exonuclease domain.
Exonuclease activity was quantified using a 30 to 50

exonuclease activity assay kit (KP175; Biovision, Milpi-
tas, CA, USA) using a Varioskan� Flash Multimode
Reader (Thermo Fisher Scientific), according to the man-
ufacturer’s instructions. To ensure that the kinetic curve
fell within the range of the standard curve, 20 pmol of
Phi29 Pol and 4 pmol of Phi29EL Pol were added to
each well of the plate for each assay. Specific activities
were calculated from three independent replicates.

Protein structure analysis

Structural data for Phi29 Pol (Berman et al., 2007) and
Topo-97 (Rajan et al., 2016) were downloaded from the
Protein Data Bank (Berman et al., 2000). A structural
model of Topo V-EL (domains E-L) was built from resi-
dues 518-964 using SWISS-MODEL (Waterhouse et al.,
2018). The superimposition of the Topo-97 crystal

structure (PDB code: 5HM5) and Topo V-EL model was
carried out using UCSF Chimera v1.12 (Pettersen et al.,
2004). The Phi29EL model was generated with Phi29
Pol (PDB code: 2PYL) and Topo V-EL model by Swiss-
PdbViewer v4.1 software (Guex and Peitsch, 1997), as
previously described for the modelling of Phi29 Pol or
Taq Pol with the (HhH)2 domains (Pavlov et al., 2002;
de Vega et al., 2010). The ProtParam tool was used to
analyse physical and chemical parameters (http://web.e
xpasy.org/protparam/).
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Fig. S1. The Topo V-EJ model (cyan) containing E, F, G, H,
I, and J domains superimposed onto the crystal structure of
Topo-97 (PDB ID: 5HM5, wheat). Part of the F domain and
the entire G domain in Topo-97 could not be modelled. The
superposition was accomplished using UCSF Chimera
software.
Fig. S2. Expression and purification of Phi29EL Pol. (A)
Increasing concentrations of imidazole (0.02–0.5 M) were
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used to elute target protein with 69His tag (Lanes 1–7).
The molecular weight of Phi29EL Pol was 116.6 kDa. (B)
Purified proteins were separately exchanged into two differ-
ent storage buffers with 0.5 M (Lane 1) and 0.1 M NaCl
(Lane 2). None of the target protein could be detected in
Lane 2 after keeping the protein at low NaCl, while the other
bands could be degradation products, as inferred by the
gain in proportion of these bands when the storage buffer is
0.1 NaCl vs 0.5 M NaCl. Only Phi29EL Pol stored in buffers
with 0.5 M NaCl was stable. Protein standards are labelled
at the left in A and B.
Fig. S3. Expression of Phi29 Pol and Phi29EL Pol mutants.
Lane 1, BSA; lane 2, Phi29 Pol (MW, 67.0 kD); lane 3,
Phi29H Pol (72.9 kD); lane 4, Phi29EL Pol (116.6 kD);
lanes 5–11, protein sample of Phi29EL-E375A, Phi29EL-
E375K, Phi29EL-E375H, Phi29EL-E375S, Phi29EL-E375Q,
Phi29EL-E375W and Phi29EL-E375Y, respectively.
Fig. S4. Buffer optimization for Phi29 Pol and Phi29EL Pol.
The hairpin extension experiment with Phi29 Pol and
Phi29EL Pol was performed in four buffers with different pH
values in the absence (left lanes) or presence (middle
lanes) of NaCl. No enzymes were added to the control reac-
tions in the rightmost lanes. All reactions were carried out at
30°C for 10 min. Both enzymes preferred basic or neutral
buffers rather than acidic ones. Data are representative of
several independent experiments.
Fig. S5. Thermal stability of Phi29 Pol and Phi29EL Pol.
Proteins (10 µl) were held at 30, 37, 45, 55, 65, 75 and
85°C for 10 min, followed by hairpin extension experiments,
as described before. Data are representative of several
independent experiments.

Fig. S6. Salt tolerance of Phi29 Pol. RCR was carried out
for two additional hours at multiple KCl concentrations, and
stopped at defined times. After 20, 30, 60 and 120 min of
incubation, each sample was loaded in a 0.6% alkaline
agarose gel for analysis. Arrowheads on the left indicate
DNA length markers.
Fig. S7. Salt tolerance of Phi29 Pol derivatives. Different
concentrations of KCl were added into singly primed M13
extension reactions. After 30 min, products of Phi29-E375A
Pol and Phi29-E375Y Pol were separated using a 0.6%
alkaline agarose gel. Lane 1 and lane 5, reaction mixtures
without salt; Lanes 2–4, with 0.1 M, 0.2 M or 0.3 M KCl;
Lanes 6–8, with 0.1 M, 0.2 M or 0.3 M KCl.
Fig. S8. Extension rates of Phi29 Pol variants. After RCR
with M13 templates for 10 min, replication was stopped by
0.5 M EDTA to measure the extension rate. Replication
products (10 µl) were analysed on alkaline gels. The
lengths of the extension products of Phi29 Pol were slightly
larger than those of Phi29EL Pol variants. Arrowheads at
the left indicate extension products (upper) and M13 tem-
plates (lower).
Fig. S9. Salt tolerance of Phi29H Pol in rolling circle replica-
tion. (A) Schematic of the Phi29H Pol. H domain (residues
696-751) from Topo-V fused to Phi29 Pol in the same man-
ner as to Phi29 EL Pol. (B) Gel analysis of the products
from rolling circle replication. Lane 1, without enzyme; Lane
2, without salt; Lanes 3–5, with 0.1, 0.2 and 0.3 M NaCl;
Lanes 6-8 with 0.1, 0.2 and 0.3 M KCl. Arrowheads at the
left indicate DNA length markers. (C) Quantification of newly
synthesized DNA larger than 48 kb in B.
Table S1. Oligos used in this study.
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