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Characterization of the protein gp1 from bacteriophage ¢IN93
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Abstract: The protein gpl, encoded by the ORFI gene in the genome of the Thermus phage ¢IN93,
is similar to the replication protein encoded by repA in the Thermus sp. plasmid. To confirm that gpl
functions as a replication protein, we constructed the recombinant plasmid pIA1, by inserting ORFI and
the kanamycin acetyltransferase (kat) gene into pBluescriptll SK(+), which enabled replication of plAl
in Thermus thermophilus HB27. By contrast, plasmid pIAl-del, which contained only a part of ORF
(the other part deleted using Kpnl), was not replicated. These results show that gp1 functions as a repli-
cation protein and that pIA1 can be used as a shuttle vector between Thermus thermophilus HB27 and
Escherichia coli.
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INTRODUCTION

Some extremely thermophilic bacteriophages are able to infect Thermus ther-
mophilus HBS, growing at temperatures ranging from 47°C to 85°C (OsHiMA & IMa-
HORI 1974). Among them, ¢YS40 (152,372 bp), Thermus P23-45 (84,201 bp) and
Thermus P74-26 (83,319 bp) contain double-stranded DNA, and the functions of
many of the genes in the respective genomes have been studied (NARYSHKINA et al.
2006; MINAKHIN et al. 2008). It is reported that these phages inherently contain DNA
polymerase, but their ability to replicate genomic DNA has not been studied yet.

We isolated an extremely thermophilic phage, IN93, which was induced from
the lysogenic strain Thermus thermophilus TZ2 (MaTsusHITA et al. 1995). The nucle-
otide sequence of the pIN93 genome is available in the DDBJ/EMBL/GenBank data-
bases (accession number AB063393). An analysis of the IN93 genome showed that
gpl, encoded by the ORFI gene (1239 bp), has 28.1% similarity to the replication
protein (RepA) encoded by repA in the Thermus sp. plasmid (DE Grapo et al. 1998;
MartsusHITA et al. 2009). Based on that finding, we proposed that the replicative origin
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of ORF I is likely situated within an AT-rich region, just as it is in repA, and that gp1
is also involved in the replication of @IN93 genomic DNA. To prove this, we inserted
ORF'] into Escherichia coli plasmid pBluescript SK+ and examined its replication in
Thermus thermophilus HB27. A kat gene encoding a thermostable protein providing
resistance to kanamycin was also inserted into the plasmid as a selection marker.

In this article we show that gpl is necessary for plasmid replication, and pro-
pose that it acts in the same manner as RepA. In addition, although several Thermus-
Escherichia shuttle vectors, containing a replicative origin derived from a plasmid of
Thermus sp., have been developed so far (Lasa et al. 1992; WavNE et al. 1997; bE GRADO
et al. 1999), here we describe the first construction of a Thermus-Escherichia shuttle
vector containing a replication protein gene derived from a Thermus bacteriophage.

MATERIALS AND METHODS

Cell growth and phage infection

Thermus thermophilus TZ2 was grown overnight at 70sC in A-2 medium consist-
ing of 0.1% tryptone, 0.1% yeast extract, and Castenholz basal salts (pH 7.0) (Brock
& FRrREEZE 1969; MaTsusHITA et al. 1995). To infect Thermus thermophilus TZ2 with
@IN93, the culture was incubated for 3.5 h at 70sC, with shaking at 220 rpm (until the
ODy,, was around 0.15, measured with a Hitachi U3310 spectrophotometer). ¢IN93
stock solution was then added to the culture to a multiplicity of infection of around
0.4. The culture was then incubated under the same conditions until complete lysis
occurred (2.5 h), after which the cell debris was removed by centrifugation at 3000 g
for 10 min. The resultant @IN93 lysate was stored at 4sC for use as the phage stock.
The titer of the phage was assayed by using the overlay method of Adams with some
modifications (Apams 1950; Brock & FREEZE 1969).

Isolation of phage DNA

¢INO93 virions were prepared as described previously (Yamato et al. 1970).
DNase [ and RNase A were added to the pIN93 lysate to final concentrations of 1 pug/
ml each and incubated for 30 min at 30sC. Thereafter, 2.5 M NaCl solution contain-
ing 25% polyethylene glycol 8000 was added to a final concentration of 20% (v/v),
and the mixture was incubated for 1 h on ice before being centrifuged at 15 000 g for
30 min at 45C by using an RPR12-2 rotor in Himac CR20B3 centrifuge (Hitachi Co.).
The precipitated pellets were suspended in 2 ml of 10-mM ammonium acetate buffer
containing 5 mM MgSO4 (pH 6.0).

To extract the IN93 DNA, an equal volume of phenol-chloroform (1:1, v/v)
was added to the purified phage suspension, mixed, and centrifuged at 2800 g for 10
min at room temperature by using a T4SS rotor in Himac CT6E centrifuge (Hitachi
Co.). The aqueous phase was then extracted, and the DNA was precipitated in etha-
nol, after which the purified DNA was dissolved in TE buffer (10 mM Tris hydrochlo-
ride and 1 mM EDTA, pH 8.0).
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Construction of the plasmid vector

A plasmid containing ORF'] was constructed in 4 steps.

The first step was designed to clone ORFI into pDONR221. A DNA fragment
(around 1.4 kb) containing the ORFI and Shine-Dalgarno sequences was amplified
by PCR, using Gene Amp PCR System 9700 (Applied Biosystems Co.) and a PCR
kit (Toyobo Co.) with IN93 genomic DNA as the template and synthetic DNA oli-
gomers (Fig. 1). The amplified DNA fragment and pDONR221 were mixed with
BP Clonase™ enzyme mix (Invitrogen Co.) and incubated for 1 h at 25°C, accord-
ing to the manual, after which the DNA mixtures were transformed into DH5a™
Escherichia coli competent cells (Invitrogen Co.). The entry clone was selected on
LB plates containing 30 pg/ml kanamycin, and DNA plasmid was extracted using a
Plasmid Miniprep Kit (BioRad Co.). The ORF'I-containing recombinant plasmid was
called pPDONR221-ORF1.

attB1-EcoRI:

5GGGGACAAGTTTGTACAAAAAAGCAGGCTGAATTCCCCTCAACAGGAG
GCGTCATGAACTTGAACS EcoRI

attB2-Xbal:

5GGGGACCACTTTGTACAAGAAAGCTGGGTICTAGACTGCCCTTCAGAA
TGTCCTCCAATGCCTCS Xbal

Fig. 1. The synthetic DNA oligomers used to amplify ORFI by PCR. The nucleotide sequences of
attB1 and attB2 are boxed, and the EcoRI and Xbal recognition sites are underlined

In the second step, the kat gene, encoding a thermostable protein providing re-
sistance to kanamycin, was cloned into pBluescriptll SK(+). The Thermus plasmid
vector pMK 18 (Biotools Co.) was digested with BamHI and Pstl, after which a DNA
fragment (around 1.2 kb, containing thermostable kat, its promoter, and the SD se-
quences) was separated by 1.0% agarose gel electrophoresis and next purified by
using a DNA and Gel Band Purification Kit (Amersham Biosciences Co.). The puri-
fied DNA fragment was then ligated into pBluescriptll SK (+) digested with BamHI
and Pstl. The ligated DNA was transformed into DH5a™ Escherichia coli competent
cells, after which those expressing the recombinant plasmid were selected on LB
plates containing 50 pg/ml ampicillin, 40 pg/ml X-gal, and 0.4 mM IPTG. The kat-
containing recombinant plasmid was called pBluescriptlI-Kat.

In the third step, a destination vector was constructed from pBluescriptll-Kat by
digesting the plasmid with EcoRV and ligating it with the Reading Frame A (RFA)
cassette containing the chloramphenicol resistance and ccdB genes (Invitrogen Co.).
The resultant DNA was transformed into the DB3.1™ Escherichia coli competent
cells (Invitrogen Co.), and those expressing the recombinant plasmid were selected
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on LB plates containing 30 pg/ml chloramphenicol, as instructed by the manual. The
RFA-containing destination vector was called pBlue-Kat-RFA. The direction of the
inserted RFA was determined by sequencing, using M 13 primer.

In the fourth step, ORF I was cloned into the destination vector. For this purpose,
pDONR221-ORF1 and pBlue-Kat-RFA were mixed with LR Clonase™ enzyme mix
(Invitrogen Co.), incubated for 1 h at 25°C and transformed into DH5a™ Escherichia
coli competent cells, according to the manual. Cells expressing the recombinant plas-
mid were selected on LB plates containing 50 pg/ml ampicillin. The recombinant
plasmid containing ORF'I and kat was called pIA1.

The insertion of ORF'I and kat into pIA1 was confirmed by sequencing, using
an ALF DNA sequencer (Amersham Pharmacia Co.) with a T7 primer: GTAATAC-
GACTCACTATAGGGC, a Kat (f) primer: GCCAGTTCGTAATGTCTGG, and a
Kat (r) primer: CCCGAGACGGGCGAGTTGCC.

Transformation of the plasmid vector into Thermus sp.

The following transformation protocol was based on the methods of bE GrRaDO
et al. (1999) and Kovawma et al. (1986). Thermus thermophilus HB27 was used as
the host in the transformation experiment because its restriction system is not strict.
Thermus thermophilus HB27 cells were incubated overnight in a rich medium con-
taining 0.8% trypticase, 0.4% yeast extract, 0.3% NaCl, and Castenholz basal salts
(pH 7.0) at 70°C, with shaking at 220 rpm. The overnight culture was diluted 1:100
in the fresh rich medium and incubated for about 4 h (to an ODy,, of 0.8) at 70°C,
with shaking. Thereafter, 1-ml aliquots of the culture were removed and mixed with
10 pl of the required amount of pIA1, after which this mixture was incubated for 2 h
at 60sC, with shaking. The growing culture was then spread on 3% agar plates with
the aforementioned rich medium containing kanamycin (30 pg/ml), and incubated for
72 h at 60°C. Finally, the plasmid DNA from Thermus sp. was extracted by using a
Plasmid Miniprep Kit (BioRad Co.).

Primer extension experiments

Total RNA was prepared from plAl-transformed Thermus thermophilus HB27
cells. The cells were harvested after incubation for 7 h at 70°C, with shaking at
220 rpm in the rich medium containing kanamycin (30 pg/ml), and RNA was ex-
tracted using an Aurum Total RNA Mini Kit (BioRad Co.). Primer extension analysis
was performed using a synthetic biotinylated primer (gp1 primer: 5’-GACGCCTC-
CTGTTGAGGGG-3’) with a Primer Extension System-AMYV Reverse Transcriptase
Kit (Promega Co.). Following reverse transcription, the synthesized DNA was ana-
lyzed by electrophoresis on an 8% SDS-polyacrylamide gel containing 8 M urea. As a
standard, a sequence ladder was prepared with pIA1 DNA, using a Sequencing High
Non-Radio Isotopic DNA Sequencing Kit (Toyobo Co.). An Imaging High Non-Radio
Isotopic Detection Kit (Toyobo Co.) was next used to detect the synthesized DNA.

Construction of an ORF1-deleted plasmid

Plasmid pIA1 was digested with Kpnl at 2 restriction sites located within and
just downstream of ORFI, respectively. The 2 resultant DNA fragments were sepa-
rated by 1% agarose gel electrophoresis, after which the fragment (around 4.7 kb)
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containing only part of ORFI was purified, using a DNA and Gel Band Purification
Kit (Amersham Biosciences Co.). After self-ligation, the fragment was transformed
into DH5a™ E. coli competent cells on LB plates containing 50 pg/ml ampicillin.
The pIA1-del vector, containing the partially deleted ORF'I, was confirmed in a Kpnl
digestion experiment.

RESULTS AND DISCUSSION

We previously compared the amino acid sequences of gpl, encoded by ORF!
in the genome of Thermus phage ¢IN93, with those of RepA, encoded by rep4 in
the Thermus sp. plasmid. Thanks to this, we identified a highly conserved sequence,
R*PWRDLE*D*R*GRTA. Downstream of the conserved sequence was an AT-rich
region (116 bp, AT content: 54.3%) like that found in repA, which we had predicted
to be the region of replicative origin (MATsUSHITA et al. 2009).

To clarify the function of gpl, we constructed a novel recombinant plasmid,
pIA1 (5540 bp), by inserting ORFI and kat into pBluescriptll SK(+) (Fig. 2). We
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Fig. 2. The four-step construction of pIAl, containing ORFI from the Thermus bacteriophage
¢IN93. pIA1 was constructed by insertion of ORF'I from ¢IN93 and kat from pMK18 into pBlu-
escriptll SK (+). Amp and Cm indicate the genes coding for resistance to ampicillin and chloram-
phenicol, respectively
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took this approach because the Thermus plasmid pMK18, which was developed by pDE
Grapo et al. (DE GraDpo et al. 1999), contains no appropriate restriction sites through
which to substitute ORFI from @IN93 for repA from pMK18. pIA1 containing ColE1
ori and amplified in Escherichia coli DH50™ was called pIA1<. In the transformation
experiment, Thermus thermophilus HB27 was transformed with pIA1¢, which was
then replicated and amplified (Table 1). The transformation efficiency of pIA1¢ was
2.4x10% cfu/ug, and the pIA1 amplified in 7. thermophilus HB27 was called pIA 1%,

Table 1. Transformation efficiencies * obtained by 7. thermophilus HB27 with pIA1 isolated from
E.coli and T. thermophilus HB27

Thermus thermophilus HB27
plA1=2.4 x 10°
pIA1" 2.2 x 10°

*Given in transformants per microgram of pIA1

In addition, to confirm the function of ORFI, we constructed plasmid pIA1-del,
in which a 707-bp sequence, containing the conserved sequence and the AT-rich re-
gion, was deleted from ORFI in plA1* using Kpnl. The plasmid pIAl-del was not
replicated in T. thermophilus HB27 (Fig. 3), making it clear that ORF'] is crucial for
replication, and that gpl functions as a replication protein in the same manner as
RepA. Thus ¢IN93 appears to have the same replication system as the Thermus sp.
plasmid, one that differs from the rolling circle system of Escherichia coli phage A
(which contains terminal proteins and cos sites).

In the constructed plasmid pIA 1", we initially thought the lac promoter derived
from pBluescriptll served as the promoter for ORFI. However, primer extension
analysis showed that the transcription initiation site (+1) is at guanine 2094, i.e. 82

Replication in
Thermus themophilus HB27

Kpnl Kpnl
pIA1 :2012 1481 :774 653 +
| 2z
: i~ Deleted fragment :

pIAl-del ————— -

Fig. 3. Replication experiment carried out using intact pIA1 or pIA1-del. The latter contains a par-
tially deleted ORF'I constructed through self-ligation of Kpnl-digested pIA1l. ORF'I is indicated by
the thick arrow. Kpnl-deleted ORF'] is indicated by the thick bar
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CTAG

GGTCCATTCATATGCCTCACACCTCCTTAAGGGTCGTGGGCGGGAACCCGAGACGGGCGA
CCAGGTAAGTATACGGAGTGTGGAGGAATTCCCAGCACCCGCCCTTGGGCTCTGCCCGCT
kat gene

GTTGCCGCGTTTCCTCTCCGCCCAGGTCCGCCCGGTGCGGGGAAAACCCCCCAAAAGGAG
CAACGGCGCAAAGGAGAGGCGGGTCCAGGCGGGCCACGCCCCTTTTGGGGGGTTTTCCTC

promoter of ORFI1
-35 box
CCCTTTTTCCCCGCATCCGGCGCTATCGTAARRACCTCACGCGCCUTTGTCARGCGGTCG
GGGAAAAAGGGGCGTAGGCCGCGATAGCATTTTTGGAGTGCGCGGGARCAGTTICGCCAGC
-10 box -35 box
promoter of kat gene
-10 box +1
GGCCTTAAGGTTTCTIGTTATACTCCCGGGGATCCCCCGGGCTGCAGGAATTCGATATCAC
CCGGAATTCCAAAGACAATATGAGGGCCCCTAGGGGGCCCGACGTCCTTAAGCTATAGTG

ORF1
AAGTTTGTACAAAAAAGCAGGCTGGAATTCCCCTCAACAGGAGGCGTCATGAACTTGAAC
TTCAAACATGTTTTTTCGTCCGACCTTAAGGGGAGTTGTCCTCCGCAGTACTTGAACTTG

gpl primer
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Fig. 4. Promoter analysis of ORF'I. (A) The arrow indicates the estimated 5’ end of the mRNA. The
DNA sequence ladders shown were synthesized using the same gp-1 primer. (B) The putative -10 and
-35 promoter regions are boxed, and the transcription initiation site is indicated in bold (+1). The nuc-
leotide sequences of the ORFs are shown in bold and italics. Shine-Dalgarno sequences are underlined
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nucleotides upstream from the translational start codon (ATG). Seven nucleotides
farther upstream is a putative —10 box (TGTTAT), and another 22 nucleotides still far-
ther upstream is a putative —35 box (TTGTCA). These putative promoter sequences
were found in the DNA fragment containing the kat gene from pMKI18 digested
with BamHI and Pst 1. If indeed the sequence of the —35 box is TTGTCA, then the
TGTCA sequences overlap the —35 box TTGACA in the promoter upstream of kat
(Fig. 4A-B).

We repeated the transformation experiments summarized above using pIA1"
isolated from Thermus thermophilus HB27. The transformation efficiency obtained
with pIA1" was 2.2x10° cfu/ug in Thermus thermophilus HB27, which was 1000-
fold higher than the 2.4x10? cfu/pg obtained with pIA1¢ (Table 1). Moreover, there
was a linear relationship between transformation efficiency and DNA concentration
over a 1000-fold range with both pIA1"and pIA 1< (Fig. 5).
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Fig. 5. Dependence of transformation on DNA concentration. The numbers of transformants
obtained with pIA1" are indicated by solid circles, while those obtained with pIA 1« are indicated
by hollow circles

Several Thermus-Escherichia shuttle vectors have been developed so far (Lasa
et al. 1992; WaynE & Xu 1997; pE Grapo et al. 1999). Among them, pMK18 is
thought to have the highest transformation efficiency in Thermus thermophilus
HB27. We found that the transformation efficiencies of pIA1®"and pIA1¢ were both
lower than the previously reported transformation efficiencies of pMK 18" (108 cfu/
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pg) and pMK 18« (10° cfu/ug) in Thermus thermophilus HB27 (DE GrADO et al. 1999).
However, since the transformation experiments with pMK18 were not carried out
under the same conditions that we used with pIA1, we do not think this is a useful
comparison.

Finally, pIA1 is the first Thermus-Escherichia shuttle vector containing a repli-
cation protein derived from a Thermus bacteriophage. Increasing the transformation
efficiency of pIAl and applying it to an expression vector should make it possi-
ble to take advantage of the promoters and regulatory mechanisms of bacteriophage
@IN93.
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