
Abstract A thermostable DNA polymerase I from a

mesophilic Bacillus sphaericus strain C3-41 was char-

acterized in this study. The polI was cloned, sequenced

and over-expressed in Escherichia coli. The expressed

110 kDa fusion protein of PolI was stable at 70�C for

1 h. Compared with DNA polymerase I of E. coli

(TaKaRa), the relative polymerase activity of this PolI

was 3.33 ± 0.1 RFU ll–1 at 37�C using fluorescent

quantitative analysis. It showed higher polymerase

activity than E. coli PolI at higher temperature, with a

relative activity of 3.75 ± 0.1 RFU ll–1 at 70�C. The

polI sequence analysis and the protein structure pre-

diction indicated that this protein had a high similarly

to other PolI from thermophilic micro-organisms. This

information is of importance for future study for evo-

lution of the house-keeping gene polI in entomopath-

ogenic bacterium B. sphaericus.
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Introduction

Bacillus sphaericus is an aerobic, mesophilic and spore-

forming bacterium, with a terminal swelled sporangium

and spherical spore. All the B. sphaericus strains have

been grouped into 49 serotypes on the basis of the

flagella agglutination. Most strains are non-entomo-

pathogenic whereas only nine serotypes (H1, H2, H3,

H5, H6, H9, H25, H26, and H48) exhibit toxicity

against mosquito larvae. Due to the specific toxicity to

mosquito larvae of binary toxin (Bin) and mosquito-

cidal toxins (Mtxs) produced during the sporulation

and vegetative stages, respectively, these toxic strains

were widely used as bio-pesticides in the field as part of

vector control programs.

Bacillus sphaericus C3-41, a highly active strain

isolated from a mosquito-breeding site in China in

1987, has different levels of toxicity against Culex sp.,

Anopheles sp. and Aedes sp. This strain belongs to the

flagella serotype H5a5b, like strains 2362 and 1593

(Yuan et al. 2001) and it has been developed as com-

mercial larvicide (JianBao�, JianBao Co., Foshan City,

China) for mosquito larvae control in China.

The DNA polymerase is an enzyme involved in

DNA replication and repair in most organisms

(Chatelier et al. 2004). Extensive research has been

conducted on isolation and characterization of DNA

polymerases from various organisms, including bacte-

ria, yeasts and human beings. Besides the basic poly-

merase activity, DNA polymerase may also contain

5¢ fi 3¢ and 3¢ fi 5¢ exonuclease activity in the N-ter-

minal chain of the polypeptide (Harini et al. 2004).

Until now, a number of thermostable DNA polyme-

rases have been isolated from thermophilic eubacteria

and thermophilic archaea, such as Vent� DNA poly-

merase from Thermococcus litoralis (Perler et al.

1996), Taq DNA polymerase from an extreme ther-

mophile Thermus aquaticus (Chien et al. 1976) and Bst

DNA polymerase from Bacillus stearothermophilus

(Kong et al. 1998). These DNA polymerases are stable

at high temperature and have been used to DNA

amplification for specific scientific purposes. All the

reported thermostable DNA polymerases have been

H. Bei Æ L. Haizhou Æ H. Xiaomin Æ Y. Zhiming (&)
Wuhan Institute of Virology, Chinese Academy of Science,
Wuhan 430071, China
e-mail: yzm@pentium.whiov.ac.cn

Arch Microbiol (2006) 186:203–209

DOI 10.1007/s00203-006-0135-3

123

ORIGINAL PAPER

Preliminary characterization of a thermostable DNA polymerase
I from a mesophilic Bacillus sphaericus strain C3-41

Han Bei Æ Liu Haizhou Æ Hu Xiaomin Æ
Yuan Zhiming

Received: 14 March 2006 / Revised: 10 May 2006 / Accepted: 13 June 2006 / Published online: 12 July 2006
� Springer-Verlag 2006



detected only in thermophiles, but not in mesophilies.

Thus, it is reasonable to screen new enzymes or enzy-

matic complexes from thermophilic organisms in the

future (Pavlov et al. 2004). However, some archaic

mesophilic bacteria, in particular those which are

evolutionally conserved, might preserve their thermo-

stable polymerase activity.

During research aimed at the screening of thermo-

stable proteins in B. sphaericus strains C3-41, a heat-

stable protein was detected during bacterial vegetative

and sporulation stages, showing some DNA polymer-

ase activity. In this paper, a DNA polymerase gene

(polI) was cloned, sequenced and over-expressed in

Escherichia coli. The purified polymerase was stable at

70�C and had polymerase activity and 5¢ fi 3¢ and

3¢ fi 5¢ exonuclease activity. This new heat stable

polymerase might have applications in gap filling nick

translation and strand displacement in laboratory

manipulation. The study is also of importance for fur-

ther interpretation of the evolution of the house-

keeping gene polI in entomopathogenic bacterium

B. sphaericus.

Materials and methods

Bacterial strains and culture conditions

Bacillus sphaericus C3-41 strain was isolated from a

soil sample collected in South China in 1987 (Zhang

et al. 1987) and was grown for 12 h at 30�C in Luria–

Bertani (LB) broth. E. coli strains DH5a, BL21 and

recombinant E-pBSP, E-pFUC were grown at 37�C in

LB medium supplemented with 30 lg kanamycin ml–1

and 1 mM IPTG.

Cloning and sequencing

Plasmids were isolated from E. coli by standard alka-

line lysine procedure. Cloning experiments and

restriction endonuclease analysis were carried out as

described (Sambrook and Russell 2001). Total genomic

DNA was prepared from B. sphaericus C3-41 by the

method of Bourgouin et al. (1990) and sequenced in

the Beijing Genomics Institute, Chinese Academy

of Science. BLAST and CLUSTAL W programs

(Wingren et al. 2003) were used for nucleotide and

protein homology searches and multiple sequence

alignments, respectively, and the DNASTAR software

package (DNASTAR, Madison, WI, USA) was used

for DNA analysis.

The polI gene was amplified from C3-41 chromo-

somal DNA by PCR. The PCR primers were designed

according to ORF prediction and gene annotation of

the C3-41 genome sequence: polI-1 (5¢-GG GAA TCC

ATG ACA AAA GAA AAA TTA -3¢) and polI-2 (5¢-
GG GTC GAC TTA TTT TGC TTC ATA CCA -3¢)
and contained appropriate restriction sites (EcoRI/

SalI, underlined). PCR reaction mixture includes

0.5 lg chromosomal DNA, 100 pmol of each primer

and 1.25 U pfu Taq polymerase (Fermentas, Hanover,

MD, USA) in a total volume of 50 ll. The following

PCR procedure was used: 94�C for 5 min; 30 cycles of

94�C for 1.5 min, 48�C for 1.5 min, 70�C for 2.5 min;

followed by a final extension cycle at 72�C for 10 min.

A ~2.6 kb PCR fragment was obtained and subse-

quently cloned into the cloning vector pMD18-T (Ta-

KaRa�, TaKaRa Bio Inc., China) in E. coli DH5a for

DNA sequencing.

The amplified PCR fragment was digested by EcoRI

and SalI, and then introduced into an EcoRI/SalI di-

gested plasmid pET28a (Novagen, Madison, WI,

USA), a His-tag expression vector, resulting in the

recombinant plasmid pBSP, which contained the entire

encoding region of polI.

Nucleotide sequence accession number

The nucleotide sequence data of the polI open reading

frame were submitted to the EMBL, Genbank and

DDBJ nucleotide sequence databases under accession

number of DQ309765.

Expression of recombinant PolI

The recombinant plasmid pBSP was transformed into

E. coli BL21 and a recombinant E. coli colony, desig-

nated as E-pBSP, was selected and confirmed for fur-

ther investigation. The overnight culture of E-pBSP

was transferred to 20 ml fresh LB medium containing

kanamycin (30 lg ml–1) and then the culture was

incubated for 3 h at 37�C under continuous shaking

(200 g), and 1 mM IPTG was then added for inducing

the expression of PolI. After 4 h incubation at 30�C

under continuous shaking, the culture was collected for

SDS-PAGE analysis (Bao and Cohen 2004).

For large-scale expression, overnight culture of

E-pBSP was transferred to 500 ml fresh LB medium

and the culture was shaken at 37�C for 3 h, then IPTG

was added to a final concentration of 1 mM in culture

and the culture was shaken continuously for another

4 h at 30�C. Cells were harvested by centrifugation

(10,000 g, 4�C) and stored at –20�C.

204 Arch Microbiol (2006) 186:203–209

123



Purification of recombinant PolI

Recombinant PolI protein was purified by a His-Bind

Resin chromatography kit (Novagen) using a proce-

dure modified from the original one supplied by the

manufacturer. Cells were lysed by sonification at 4�C

and the cell debris was removed by centrifugation

(14,000 g, 20 min, and 4�C). The supernatant was fil-

trated by a 0.45 lm membrane and the filtered solution

was added to the equilibrated Ni-NTA resin column

(Novagen). The eluted protein solution was dialyzed in

buffer A (20 mM Tris–HCl pH 8.0, 40 mM KCl,

0.1 mM EDTA) and then stored in buffer B (20 mM

Tris–HCl pH 8.0, 40 mM KCl, 0.1 mM EDTA, 10 mM

ME, 50% (v/v) glycerol) at –70�C.

Polymerase activity assay of PolI

The comparative DNA polymerase activity of B. sph-

aericus DNA polymerase I was assayed by fluorescent

quantitative analysis (Villbrandt et al. 2000; Bruck

et al. 2002). In the PCR system, excessive template

DNA and primers were added. In 50 ll total reaction

mixture, 0.5 lg of a recombinant plasmid pFUC (a

derivative of pUC18 with a DNA insert) was used as

DNA template and 100 pM of DNA fragments

matching the sequence of the insert of pFUC were

used as primers. Then 0.1 mM dATP, dGTP, dCTP

and fluorescein-12-dUTP were added with 5 ll E. coli

DNA pol I buffer (pH 8.0). The reaction system

incubated at 94�C for 5 min to allow denaturing of the

double strands DNA and then at 46�C for 1 min for

annealing. Afterwards, 1 ll E. coli DNA polymerase I

was added as positive control, 1 ll sterilized H2O as

negative control and 1 ll of purified B. sphaericus

DNA polymerase for testing polymerase activity,

respectively. Sets of these samples were placed at dif-

ferent temperature (30, 37, 40, 50, 60, 70, and 80�C) for

2 h and then incubated on ice for 10 min. The fragment

DNA was precipitated by adding 100 ll cold ethanol,

then centrifuged at 12,000 g and 4�C for 15 min. The

un-incorporated fluorescent activity in supernatant was

assayed at 528 nm using a SynergyTM HT Multi-

Detection Microplate Reader (BIO-TEK�, Bio-Tek

Instruments Inc., Winooski, VT, USA), and the

incorporated fluorescent activities in amplified DNA

fragment were calculated by subtracting the un-incor-

porated activity from the total activity.

Fluorescent activity assays were done in duplicate

and performed at least three times. The fluorescent

quantity catalyzed by 1 ll E. coli DNA PolI at 37�C for

2 h was defined as 5 RFU. The comparative polymer-

ase activity of B. sphaericus DNA polymerase I was

calculated and expressed according to the units of

E. coli DNA PolI.

Exonuclease activity of PolI

For qualitative assay of 5¢ fi 3¢ exonuclease activity,

50 lg of HindIII digested pUC18 was incubated with

4 ll dNTPs (2.5 mM each), 10 ll E. coli DNA pol I

buffer (pH 8.0) (TaKaRa) and add sterile Milli-Q

water to 95 ll. This reaction mixture was heated at

75�C for 5 min, then 5 ll of the purified B. sphaericus

DNA polymerase I was added. E. coli polymerase I

(TaKaRa) was used as a control (Aliotta et al. 1996).

The following steps were performed as part of the

TaKaRa protocol of E. coli DNA PolI. The 5¢-blunted

pUC18 DNA was recycled, ligated by T4-ligase (Ta-

KaRa) and transformed to E.coli DH5a. The ligated

plasmids were purified from transformed E.coli DH5a
and then digested by HindIII to test the existence of

HindIII site. The absence of HindIII site in ligated

plasmid indicated the 5¢ fi 3¢ exonuclease activity of

PolI.

The activity of 3¢ fi 5¢ exonuclease was assayed as

the same method whereas the plasmid pUC18 was di-

gested by PstI.

Thermostability of polymerase I

Purified DNA polymerase was incubated at tempera-

ture from 40 to 100�C for 30 min and then placed on

ice for 10 min. The heat-treated solution was centri-

fuged at 12,000 g for 20 min at 4�C. The comparative

DNA polymerase activity of supernatant was tested by

the method described above (Tsujimoto et al. 2003).

Analysis of the polI sequence

The DNA homology of polI from B. sphaericus and

those from other 15 bacteria was analyzed by BLAST

T and CLUSTAL W, and the evolution distance and

relationships were displayed by the NJ arithmetic

method. The comparative analysis of B. sphaericus C3-

41 polI gene was been handled in EMBL (http://

www.ebi.ac.uk/embl) and SWISS-PROT (http://

www.expasy.ch/sprot).

Based on the sequence of PolI from B. sphaericus

C3-41 and the known protein crystal structure of PolI

in PDB (http://www.rcsb.org/pdb), a 3D structure

homology model of the PolI protein from B. sphaericus

was predicted up using CPHmodels 2.0 (http://

www.cbs.dtu.dk/services/CPHmodels).
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Results

Cloning and sequencing analysis of Bacillus

sphaericus C3-41 polI gene

The preliminary bioinformatics analysis of the C3-41

genome sequence revealed that an ORF had high

similarity to polI sequences from other thermophile

bacteria, indicating this ORF might have polymerase

activity. Using a set of primers designed according to

the sequence of this ORF, a ~2.7 kb DNA fragment

was amplified from the chromosomal DNA of C3-41 by

PCR. Sequence analysis showed that the amplified

DNA fragment was composed of 2,628 bp, encoding

875 aa with a predicated molecular weight of

98.66 KDa. Further analysis indicated that a promoter

sequence (5¢ fi 3¢) and a ribosome-binding site

(5¢ fi 3¢) was located upstream of this fragment, cor-

responding to the expected –35 and –10 sequences, and

that an expected transcription termination structure

was found downstream of the TAA termination codon.

Purification and characterizing of recombinant

Polymerase I in Escherichia coli

For expression of this protein, the recombinant plas-

mid pBSP, which contained the entire encoding region

of polI under the control of an IPTG-inducible pro-

moter, was introduced into E. coli BL21, giving a re-

combinant strain E-pBSP. SDS-PAGE analysis

showed that this recombinant strain could express the

fusion protein after 4 h inducement of IPTG, produc-

ing a protein with a molecular weight of about 100 kDa

(data not shown). Using a Ni2+ affinity chromatogra-

phy system, this fusion protein could be purified, giving

a single band with a molecular weight of 105 kDa on

SDS-PAGE (Fig. 1).

The relative polymerase activity of this protein was

assayed by fluorescent quantitative analysis. The re-

sults indicated that both PolI from E. coli and B. sph-

aericus have peak polymerase activity at different

temperatures. The highest polymerase activities of PolI

from E. coli were observed at temperatures between

37 and 50�C, with a comparative unit in the range of

4.17 ± 0.1–5.00 ± 0.1 RFU, whereas the PolI from

B. sphaericus had an activity of 3.33 ± 0.1 RFU. With

the increase of temperature, the polymerase activity of

both PolI decreased. However, the PolI from E. coli

had lower activity than that from B. sphaericus at

higher temperature. At 70�C, the former had a relative

activity of 2.92 ± 0.2 RFU, while the latter had an

activity of 3.75 ± 0.1 RFU (Table 1, Fig. 2).

Thermostability studies revealed that PolI from

B. sphaericus was stable at high temperature, with a

half-life of 1 h at 80�C, indicating this PolI was a

thermostable PolI (Fig. 3).

In addition to possessing a polymerase activity

resembling PolI from other thermostable Bacillus

species, PolI from B. sphaericus could cut the cohesive

end of HindIII and PstI digested plasmid pUC18 both

from 5¢ fi 3¢ and 3¢ fi 5¢, resulting the deletion of

HindIII and PstI sites in the ligated plasmid, respec-

tively, indicating this PolI possessed 5¢ fi 3¢ exonu-

clease activity and 3¢ fi 5¢exonuclease activity. No

obvious difference of exonuclease activity between the

DNA PolI from B. sphaericus and E. coli was observed

(data not shown).
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Fig. 1 The SDS-PAGE analysis of purified PolI from Bacillus
sphaericus C3-41 by His-Bind resin chromatography. M protein
marker (Fermentas), Lane 1 purified PolI, lane 2 unpurified PolI

Table 1 The comparative activity of DNA polymerase I of
Bacillus sphaericus

Temperature
(�C)

Comparative activity
(RFU ll–1) of Pol I from

Activity ratio
(Bacillus
sphaericus/
Escherichia
coli)

Escherichia
coli

Bacillus
sphaericus

30 2.50 ± 0.12 2.08 ± 0.18 0.83
37 5.00 ± 0.11 3.33 ± 0.08 0.67
40 4.58 ± 0.18 3.33 ± 0.10 0.73
50 4.17 ± 0.14 3.33 ± 0.10 0.79
60 3.33 ± 0.14 3.75 ± 0.11 1.23
70 2.92 ± 0.17 3.75 ± 0.13 1.28
80 2.50 ± 0.09 2.50 ± 0.08 1.00
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Phylogenetic analysis

Amino acid sequence analysis of PolI from B. sphae-

ricus revealed that this protein contained 202 aliphatic

AA (23.086%), 85 aromatic AA (9.714%), 448 non-

polar AA (51.2%), 427 polar AA (48.8%), and 254

charged AA (29.2%). The molecular weight of the PolI

is 98.6 KDa, and its isoelectric point is 4.79.

Based on polI DNA sequences (Fig. 4a) and their

encoding amino acid sequences (Fig. 4b) of 16 bacte-

rial strains,two phylogenetic tree were constructed.

Genetically, B. sphaericus is close to thermophilic

bacteria such as Geobacillus sterarothermophilus and

Streptococcus thermophilus, with 76 and 72% at the

amino acid sequence level, respectively. Furthermore,

alignment results revealed that the aliphatic amino

acids, such as leucine (L), glycine (G), alanine (A),

proline (P), etc. of PolI from 16 strains were highly

conserved at the same locus and that the sequence

similarity in the 5¢ terminal was higher than in other

regions. One 3D model of PolI from B. sphaericus C3-

41 was predicted based on the established crystal

structure of PolI from other thermophile bacteria, such

as T. aquaticus (PDBcode: 1cmw_A), B. stearother-

mophilus (PDBcode: 2bdp_A) and DNA Polymerase I

Klenow Fragment from E. coli (PDBcode: 1d8y_A).

Like other PolI, the PolI from B. sphaericus, contains a

proofreading exonuclease domain and a polymerase

domain consisting of a right hand with finger, palm and

thumb subdomains. The finger and thumb subdomains

provide a region that could bind target DNA during

replication (Pavlov et al. 2004) and a nearly identical

catalytic center could be found in the palm subdomain.

In general, all highly conserved regions and catalyti-

cally essential amino acid sequences for the exonucle-

ase and polymerase domains (Joyce and Steitz 1994)

are very similar in all polymerase structure of
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Fig. 2 The comparison of relative activity of DNA polymerase I
of Bacillus sphaericus and Escherichia coli
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Fig. 3 The SDS-PAGE analysis of the thermostability of the
purified PolI from Bacillus sphaericus. Lanes 1–7 Purified PolI
treated at 40, 50, 60, 70, 80, 90, and 100�C for 30 min,
respectively, lane 8 Untreated PolI, lane M Protein marker
(Fermentas)

Fig. 4 Neighbor-joining tree showing the phylogenetic relation-
ships of polI DNA sequence (a) and its encoding amino acid
sequence (b) among 16 strains. The DNA and amino acid
sequence were analyzed by CLUSTAL W
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T. aquaticus, B. stearothermophilus, B. sphaericus and

DNA polymerase I Klenow fragment from E. coli.

Discussion

A thermostable PolI from a mesophilic B. sphaericus

strain C3-41 was cloned and characterized. In the

qualitative analysis of this polymerase I, the compar-

ative polymerase activity was calculated by comparison

with the observed activity of commercial E. coli PolI

(TaKaRa). In the standard reaction environment

(37�C), the comparative activity of PolI from B. sph-

aericus was 3.33 ± 0.1 RFU ll–1, while E. coli PolI had

an activity of 5.00 ± 0.1 RFU. With increasing tem-

perature, the relative activity of E. coli PolI dropped to

2.92 ± 0.2 RFU, while for B. sphaericus PolI activity

increased to 3.75 ± 0.1 RFU at 70�C (Fig. 2). In addi-

tion, the B. sphaericus PolI was stable at high tem-

perature and was resistant to heat treatment at 80�C

for 1 h, indicating it was a thermostable PolI.

The thermostablity of a protein is based on its amino

acid composition. Deckert et al. (1998) reported the

charged and non-charged amino acids in thermostable

protein accounted for 29.84 and 26.79%, respectively,

of the total composition. A similar percentage of

charged and non-charged amino acid was observed in

B. sphaericus PolI (29.29 and 23.06%, respectively). It

has been demonstrated that charged residues and non-

charged amino acids, especially proline and arginine

residues, were important for stabilizing the protein

structure high temperatures (Vogt et al. 1997). It was

noted that there are 28 proline residues mostly located

in the turning in the predicted model of B. sphaericus

PolI. Also, 34 Arg (3.9%), an abundant residue in most

thermostable proteins, were found in B. sphaericus PolI

(Krell et al. 2004). All this observations are consistent

with the observed thermostability of B. sphaericus PolI.

To date, several thermostable PolI proteins have been

detected or characterized in Bacillus species, but all of

them are from thermophiles, such as B. stearothermo-

philis, B. tusciae, B. thermocloacace, and B. caldotenax

(Sellmann et al. 1992; Vellore et al. 2004), with an opti-

mal growth temperature over 50�C. B. sphaericus is a

mesophilic entomopathogenic bacterium and has opti-

mal growth temperature from 30 to 37�C. and so ther-

mostable proteins are not necessary for their survival

and evolution. B. sphaericus is an archaic organism and

its spore has even been found in 25–40-million-year-old

amber (Cano et al. 1995). However, some identified

genes (such as bin and mtx gene) among different

serotypes and isolates show extremely high levels of

similarity (Yuan et al. 1999, 2001). The genetic stability

of this organism relies on the conservative replication of

its genes. Probably this archaic evolutionally conserved

bacterium has maintained its genome relatively consis-

tently from its beginning era and this may be explained

why it has a pol1 sequence of polI which is highly

homologous to that of thermophiles. However, the

evolution of this entomopathogenic bacterium is still to

be investigated.

The DNA and amino acid sequence alignment of

16sRNA and PolI indicated that B. sphaericus was

close to the Staphylococcus species, and the sequence

of 3¢ fi 5¢ exonuclease activity region had consider-

able similarity among S. aureus, S. thermophilus and

B. sphaericus C3-41. Furthermore, analytical compari-

son of the 16S rRNA gene sequences revealed that all

Bacillus strains had same physiological and ecological

characters (data not shown). Recent studies suggested

that Bacillus pasteuni, Bacillus psychrophilus and

Bacillus globiporus were classified into genus Sporos-

acrine (Yoon et al. 2001). The physiological properties

of these species are very similar to B. sphaericus and

different to other bacillus (Nakamura 2000). The other

neighbors of the B. sphaericus were assigned to one

group through 16s-23s ITS alignment (Xu and Cote

2003). All these analyses reveal that B. sphaericus may

be a special microbe and is worthy of more detailed

investigation.
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