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Abstract The DNA polymerase I gene of a newly described
deep-sea hydrothermal vent Archaea species, Thermoc-
occus fumicolans, from IFREMERS’s collection of hyper-
thermophiles has been cloned in Escherichia coli. As in
Thermococcus litoralis, the gene is split by two intervening
sequences (IVS) encoding inteins inserted in sites A and C
of family B DNA polymerases. The entire DNA poly-
merase gene, containing both inteins, was expressed at 30°C
in E. coli strain BL21(DE3)pLysS using the pARHS2
expression vector. The native polypeptide precursor of
170kDa was obtained, and intein splicing as well as ligation
of the three exteins was observed in vitro after heat
exposure. The recombinant enzyme was purified and some
of its activities were characterized: polymerization,
thermostability, exonuclease activities, and fidelity.
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Introduction

The discovery of a third Domain of life called Archaea
(Woese and Fox 1977; Woese et al. 1990), opened up a new
field of investigation. Since that time, more and more
hyperthermophilic Archaea have been isolated, some of
them collected from deep-sea hydrothermal vents. These
organisms have raised considerable interest for both basic
research and biotechnological applications. Among the
different applications, the most outstanding is the
polymerase chain reaction, or PCR (Mullis et al. 1986),
based on the use of thermostable Tag DNA polymerase.
In turn, this discovery raised interest in 7aq and other
thermostable and hyperthermostable DNA polymerases
for commercial use and new applications that can advance
molecular biology and related areas. As a result, DNA
polymerases have been characterized mainly from three
genera: Thermus, Thermococcus, and Pyrococcus. The two
last genera amalgamate strictly hyperthermophile species
and their enzymes, both native and recombinant, that are
among the most hyperthermostable ever known (Baross
and Holden 1996; Perler et al. 1996). Many Tag DNA
polymerase variants have also been engineered (Ignatov et
al. 1998; Kebelmann-Betzing et al. 1998; Park et al. 1997).

Thermococcales have been studied mainly for
biotechnological applications and to a minor extent for
phylogenetic considerations, especially since the discovery
of inteins in their DNA polymerases (Bult et al. 1996; Perler
et al. 1992, 1996). Inteins, polypeptide products resulting
from transcription and translation of intervening sequences
in-frame with their host genes, are removed from the
polypeptide precursor by protein splicing (Xu and Perler
1996). Inteins have been found in the three domains:
Bacteria, Archaeca, and Eukarya (Perler 1999; Perler
et al. 1997). Information related to inteins can be found in
the intein database: InBase (http//www.neb.com/neb
inteins.html) and the intein nomenclature used here is
derived from InBase. Among Archaea, several Thermoc-
occales species have inteins: in their DNA polymerase |
genes, including Pyrococcus sp., strain GB-D (1 intein) (Xu
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et al. 1993), Thermococcus litoralis (Perler et al. 1992), and
Pyrococcus kodakaraensis KOD1 (2 inteins) (Takagi et al.
1997), whereas Thermococcus aggregans TY (Canganella
et al. 1998) displays 3 putative inteins (Niehaus et al.
1997). The complete genome sequence of Methanococcus
jannaschii has revealed (Bult et al. 1996; Gorbalenya 1998)
15 genes containing 19 putative inteins, including the 2
inteins in the DNA polymerase I gene, in the same location
as those in P. kodakaraensis KOD1. More recently, a new
DNA polymerase family was found in P. furiosus (Cann
et al. 1998), and the corresponding subunit 2 genes in
P. horikoshii also host an intein (Kawarabayasi et al.
1998).

Here we report the cloning, sequencing, and expression
in E. coli of a new DNA polymerase gene as well as the
preliminary characterization of the recombinant enzyme,
isolated from 7. fumicolans, a new deep-sea hydrothermal
vent archaeon (Godfroy et al. 1996).

Materials and methods
Origin and isolation of archaeal strain

Thermococcus fumicolans was isolated from hydrothermal
chimney wall fragments collected by the French research
submersible Nautile, during the French-Japanese cruise
“Starmer” (1989; 16°59'S, 173°55'W; depth, 2000m) on the
subduction area of the North Fiji Basin. Active chimneys
are mainly composed of anhydrites and fluid temperatures
that reach 288°C. Pure cultures were obtained on plates
with medium containing solid sulfur (Godfroy et al. 1996).
The isolate, based on microbiological considerations, 16S
rDNA sequence analysis, and quantitative DNA-DNA
hybridization (Meunier 1994), was identified as a new
Thermococcus species. The strain was grown anaerobically
at 90°C, without being shaken, in a broth containing 2 g/l
peptone; 0.5g/l yeast extract; 30 g/l sea salt (Sigma); 6.05 g/
PIPES buffer; 10g/1 elemental sulfur; and 1mg/l rezasurin.
pH was adjusted at 8.5 with 5N NaOH at room tem-
perature. Besides its thermophilic properties, this strain was
selected for isolating the DNA polymerase gene because
qualitative  DNA-DNA hybridizations (dot-blot) with
T. litoralis and P. furiosus produced a weak signal (Meunier
1994), and also because the DNA polymerase probes
designed from T. litoralis and P. furiosus did not hybridize
at medium stringency level (unpublished results). Pyroc-
occus sp. strain GE23 was provided by Dr. G. Erauso
(CNRS, Station Biologique de Roscoff, France).

Escherichia coli strains

Escherichia coli strain SURE (Stratagene, La Jolla,
CA, USA) was grown in LB medium with appropriate
antibiotics at 37°C with vigorous shaking. NovaBlue,
BL21(DE3), and BL21(DE3)pLysS (Novagene, Madison,
WI, USA) strains were cultured in 2xYT medium with
appropriate antibiotics at 37°C or 30°C.

Probe construction and DNA hybridization

Probe design was based on the availability of the DNA
polymerase gene of Pyrococcus sp. GE23, obtained
previously in the laboratory (accession number, Z54173).
This gene, amplified by PCR, using primers containing
the Ndel site in 5’ and Sall site in 3’, was inserted in the
pARHS2 expression vector. Two probes were prepared
by enzymatic digestion of the GE23 DNA pol gene, one
by Clal-HindIIl corresponding to position bp 8 to bp
1353 (GE23 “BEG.”) and the second by Xhol-Sall
corresponding to bp 1879-2318 (GE23 “END.”). An
additional probe (TFU “MID.”) was produced by PCR
using 7. fumicolans genomic DNA and the following
primers: 5'-CACACCGAACCATAAGCTT-3' and 5'-
GGATTCCTCTACGCAAGCTT-3'. DNA hybridization
was done according standard protocols (Southern 1975). T.
fumicolans genomic DNA was digested with five restriction
enzymes (Boehringer, Mannheim, Germany): BamHI,
Hindlll, EcoRI, Xbal, or Xhol. Single or double digestion
products were fractionated on a 0.8% agarose gel and va-
cuum transferred (VacuGene; Pharmacia, Upsala, Sweden)
to Hybond N+ membrane (Amersham, Little Chalfont,
UK). Probes were labeled with a-”PdCTP by random prim-
ing (Amersham) and hybridized at 50°C and 55°C to the
attached fractionated genomic DNA on the membrane ac-
cording to standard procedures (Sambrook et al. 1989).

Construction and screening of genomic sublibraries

Thermococcus fumicolans DNA was cut by the appropriate
restriction endonuclease to obtain desirable fragments,
previously identified by Southern hybridization. Digested
DNA was separated by electrophoresis on a 0.8% agarose
gel and eluted following dialysis by standard procedures
(Sambrook et al. 1989) or by GeneClean purification (Bio
101, Vista, CA, USA). Fragments were then ligated into
pUC18 vector (Appligene-Oncor, Illkirsh, France) and the
recombinant plasmid was used to transform E. coli SURE
cells. Transformed cells were plated on LB-Ampicillin or
2xYT-Ampicillion (100pg/ml) agar plates and cultured at
37°C overnight. Colony hybridizations were carried out
according to standard procedures (Grunstein and Hogness
1975), using the previously mentioned *P-labeled probes.
Positives clones were cultured at 37°C and DNA inserts
were characterized following plasmid DNA extraction
(Birnboim and Doly 1979). Appropriate constructions were
sequenced using the dideoxynucleotide chain termination
method (Sanger et al. 1977) on Applied Biosystems
automatic sequencers (Europe Gene Sequence Services
[ESGS], Paris, France).

Sequence analysis

The multiple alignments of Thermococcales DNA poly-
merases were performed with the CLUSTAL W program
(Thompson et al. 1994) using default parameters. Final
alignment was refined manually to obtain putative intein



coding sequences properly inserted in the DNA polymerase
coding section, on the basis of published results (Perler
1999; Perler et al. 1997).

Subcloning for expression

The T. fumicolans DNA polymerase gene was amplified by
PCR using Taq Extender (Stratagene) with the Stratagene
96 gradient thermocycler. Only 20 cycles were performed to
limit errors. PCR was performed with 100ng of genomic
DNA and 100 pmol of each primer, which were added to the
standard reaction mix in a final volume of 50ul containing
200uM of each dANTP, 100l of 10X Tag Extender reaction
buffer, 2.5U of Tag polymerase (Appligene), and 2.5ul of
Taq extender. PCR were performed with one denaturation
step at 94°C for 1min, followed by 20 cycles with tem-
perature profile of 1min at 94°C, 1min at 52°C, Smin at
72°C, and a final extension of 6min at 72°C. The DNA
polymerase gene was amplified by long-distance PCR using
the whole ORF containing sequences coding for both
inteins. A Ndel site was inserted at the initiation codon
(primer 5'-GGTGGTGGCATATGATCCTCGATACA-
GACTAC-3") and a BamHI site at the termination codon
(5'-AAGCGGATCCTTCATTTCTTCCCC-3"). The poly-
merase genes were cloned in pET12a vector (Novagen,
Madison, WI, USA) and in pARHS2 (Eurogentec, Seraing,
Belgium), a T7 promoter-based expression vector stabilized
by the parB locus (De Moerlooze et al. 1992).

Assay for DNA polymerase activity

Samples from expression cultures supposed to contain
Tfu DNA polymerase were used for incorporation of
radiolabeled *P-dTTP into a DE81 absorbable DNA paper.
One unit of DNA polymerase activity is defined as the
amount required to incorporate 10nmol of dNTP into an
acid-insoluble form at 72°C in 30min. Assays contained
enzyme buffer (Tris-HCI, pH 9.0, 50mM; KCI, 50mM,;
MgCl,, 2mM; BSA, 0.2mg/ml; and (NH,),SO,, 16mM),
200uM each dNTP, *P-TTP, and 0.26 mg/ml activated calf
thymus DNA (Appligene-Oncor).

Purification of Tfu DNA polymerase from E. coli
recombinants

The recombinant clones containing the DNA polymerase
gene with both inteins, under control of the T7 promoter,
were grown in E. coli BL21(DE3)pLysS containing T7
RNA polymerase for expression. This strain was grown in a
15-1 fermenter at 30°C, in medium containing, per liter, 16 g
tryptone, 10g yeast extract, 5g NaCl, 100pug/ml ampicillin,
and 15ug/ml chloramphenicol. When the culture reached
the OD (600nm) of 0.5, induction was initiated by adding
1mM of isopropyl-1-p-p-thiogalactopyranoside (IPTG).
The culture was then incubated for 4h, and cells were
harvested by centrifugation and stored at —80°C. All
subsequent steps were performed at 4°C.
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Preparation of cell extract. After a 4-h induction with 1 mM
IPTG, 142g of cells were resuspended in 500ml buffer
(Tris-Cl, 20mM, pH 7.5; NaCl, 10mM; EGTA, 1mM,;
Triton X-100, 1%; 0.2mM PMSF) and lysed by sonication;
700ml of a clear crude extract (fraction I) was obtained by
centrifugation at 20000rpm, 4°C, for 25min (rotor type 45;
Beckman). E. coli proteins contained in fraction I were
partially thermodenaturated 10min in total up to 70°C
maximum (2 X 350ml in 2 X 500-ml vials) and the lysate
was cooled on ice. Insoluble material was removed by
centrifugation, 40min at 20000rpm, 4°C (fraction II,
650ml).

Heparine sepharose CL-6B-chromatography. Fraction II
was applied to a 70-ml heparine sepharose column CL-6B
(20cm® X 3.5cm) equilibrated with buffer A (10mM Tris-
HCIL, pH 7.5;0.5mM EGTA; 10mM mercaptoethanol; 0.2%
Triton X-100; 10% glycerol) containing 40mM NaCl.
Thermostable DNA polymerase was eluted with a linear
gradient of NaCl (0.1-0.8M) in buffer A. The remaining
pooled fractions were warmed at 70°C for 20min and
cooled on ice; insoluble material was removed by
centrifugation at 9000rpm, 4°C, for 30min (SS-34 rotor;
Sorvall) (fraction III, 200 ml).

Blue sepharose fast-flow chromatography. Fraction III was
dialyzed against buffer A containing 0.1M NaCl and
applied to a 15-ml blue-sepharose-fast-flow column (5cm’
X 4cm), equilibrated with buffer containing 40mM NaCl.
Thermostable DNA polymerase was eluted with a linear
gradient of NaCl (0.1-0.7M) in buffer A. Active fractions
were analyzed in 7% SDS-PAGE, and fractions containing
more than 95% of 90-kDa protein were pooled and dialyzed
against buffer A containing 50mM NaCl (fraction IV,
117 ml).

MonoQ anion-exchange column. Fraction IV was applied
on a anion-exchange column (HR 10/10; Pharmacia)
equilibrated with buffer A containing 50mM NaCl and
washed with the same buffer. The DNA polymerase was
excluded, and some contaminants detrimental to PCR
efficiency retained. Fractions were analyzed for activity and
purity. Fractions with the highest activity were pooled
(fraction V).

HiTrap SP cation-exchange column. Fraction V was
dialyzed against buffer B (40mM KPO,, pH 7; 0.5mM
EGTA, 10mM p-mercaptoethanol; 0.05% Triton X-100;
5% glycerol) containing 50mM KCI. The fraction obtained
after dialysis (fraction VI, 130ml) was applied on a
5-ml cation-exchange column (HiTrap SP; Pharmacia)
equilibrated with buffer B containing 40mM KCI.
Thermostable DNA polymerase was eluted with a linear
gradient of KCl (0.04-0.5M) at about 0.15M KCI. The more
active DNA polymerase fractions were pooled and dialyzed
against storage buffer (10mM Tris-HCI, pH 7.5; 100mM
KCI; 0.1mM EDTA; 1mM DTT; 0.1% Triton X-100; 50%
glycerol) (fraction VII, 19ml). This fraction VII was stored
at —20°C.
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Polymerase assays

The enzyme was tested comparatively to 7li DNA poly-
merase with its own buffer (Tris HCI, pH 9.0, 20mM; KCl,
10mM; MgSO,, 2mM; (NH,),SO,, 10mM; Triton X-100,
0.1%). This buffer was used as reference buffer for
Tfu DNA polymerase assays, each component being
successively modified during characterization of the DNA
polymerase activity. The second buffer used in parallel was
the Tag DNA polymerase buffer (Appligene-Oncor) (Tris
HCI, pH 9.0, 10mM; KCl, S0mM; MgCl,, 1.5mM; Triton X-
100, 0.1%; BSA, 0.2mg/ml).

Exonuclease assays

The enzyme was tested for exonuclease activity; 3'-5'
exonuclease assays quantified the release of P from
a A DNA restricted with HindIIl restriction enzyme
(Appligene-Oncor) and end labeled using the Klenow
enzyme with *P-dATP and *P-dTTP and unlabeled dCTP
and dGTP. After 1h at 37°C, the four unlabeled dNTPs
were added in excess for 30min. The DNA was purified,
and Klenow and dNTP were removed by phenol extraction
and ethanol precipitation. Exonuclease assays using
enzyme buffer (Tris-HCI, pH 9.0, 10mM; KCI, 50mM,;
MgCl,, 1.5mM; Triton X-100, 0.1%; BSA, 0.2mg/ml) and
containing 0.02mg/ml of the labeled DNA were incubated
for 16h at 72°C with 20U of Tfu DNA polymerase in 100 ul
final volume. The same assays were performed with TIi
DNA polymerase in its own buffer as positive tests. Then,
10ul of this assay was dropped on DES81 paper (Whatman),
dried, and counted before and after washing with a 0.5M
Na,HPO, solution to remove released nucleotides. The 3'-
5" exonuclease activity and thermostability were also
tested for sensitivity to dNTP concentrations. The 5'-3’
exonuclease activity was also checked using polynucleotide
kinase label of the restricted DNA on its 5’-end.

Endonuclease and nickase assay

Endonuclease and nickase activity at 37°C and 70°C
were tested for each active fraction. Supercoiled pBR322
DNA (1ug) was incubated with 1-5ul of the active frac-
tion in different buffers (activity buffer or Tag buffer;
Appligene-Oncor), in a final volume of 50ul for 1-16h. The
relaxation of the supercoiled DNA was visualized on
agarose gels.

DNA polymerase thermostability

Tfu DNA polymerase was incubated up to 18h at three
different temperatures (92°C, 95°C, 100°C) in a 20-ul
volume of the incubation buffer used for activity
determination. The enzyme, diluted to 20U/ml, was
incubated under various temperatures and times under
mineral oil, and then stored at —20°C. Polymerization
activity was then measured as described.

3'-5" Exonuclease thermostability

Experiments were performed as described for poly-
merization activity related to heat exposure (92°C, 95°C,
100°C) up to 4h, by incubating 20U of Tfu DNA
polymerase in a 20-ul volume of PCR buffer 1X, under
mineral oil. The retained 3’-exonuclease activity was
measured as described.

PCR assays

PCR assays to generate DNA fragments of 3.8kb, 7.0kb, or
10kb were carried out using 10ng of A DNA as a substrate
and 0.5U of Tfu DNA polymerase, in the optimized PCR
buffer; 40uM of each dNTP was used, except for the 10-kb
amplification, where 200uM was needed. Addition of
10mM (NH,),SO, was also tested. Despite the high activity
of its 3’5’ exonuclease, no modified primers were required
for an efficient PCR amplification. Primers were used at
50pmol per PCR test. PCR programs were as follow: 3.8kb
(30s at 94°C, 2min at 65°C, 3min at 72°C, X20), 7.0kb (20s
at 94°C, 2min at 65°C, 6min at 72°C, X20), and 10kb (10s
at 94°C, 2min at 65°C, 10min at 72°C, X20). PCR products
were electrophoresed on a 1% standard agarose gel. The
molecular weight ladder used was Raoul (Appligene-
Oncor).

Fidelity assays

Error rates generated by Tfu DNA polymerase were
measured according to the method of Flaman et al. (Flaman
et al. 1994) except that the reporter gene HIS3 was replaced
by the ADE2 gene. Yeast cells directly transformed with
unpurified PCR products from p53 cDNA (Flaman et al.
1994) were cloned into a linearized expression vector by
homologous recombination in vivo. A 1182-bp fragment
containing the complete wild-type p53 open reading frame
was amplified by using 7fu DNA polymerase, as well as Taq
DNA polymerase. Mutations were scored according to the
ability of p53 product to activate transcription of an ADE2
reporter gene. The error rate per nucleotide and per cycle
(E) was calculated using the equation E = mut/(d X del X
100), where mut is the percentage of mutated ade2 (—)
measured, d is the amount of effective amplified fragment
doublings, and del is the effective target size (542bp) of the
complete p53. d is expressed by the equation d = logX/Log,,
X being the amount of PCR product versus the amount of
effective input template.

PCR assays were carried out to amplify 20pg of input
DNA, with 3U of DNA polymerase in its optimal
incubation buffer, in a 50-ul volume. Different parameters
were considered, such as the Mg** concentration (1.5—
3mM), the dNTP concentration (40-300uM each), the
presence of (NH,),SO, (10mM) having an inhibitor effect
on 3'-5' exonuclease activity, and the presence of T4
bacteriophage gene 32 product (T4 gp32) (5-30ug/ml),
known to improve DNA polymerase proofreading (Sandhu
and Keohavong 1994).



Results

Isolation of the dna pol gene

Among Thermococcales strains isolated from IFREMER’s
collection, Pyrococcus sp. GE23 (unpublished data) is a
close relative of P. abyssi. Its DNA polymerase gene, pre-
viously isolated and sequenced (EMBL accession number
754173), allowed us to use appropriate 5'- and 3'-fragments
as probes. Two bands of Thermococcus fumicolans digested
genomic DNA, immobilized on membranes, hybridized to
the probe GE23 “BEG.”: a 1.9-kb HindllI-HindIll frag-
ment and a 5-kb Xhol-Xhol fragment. All other restriction
endonucleases yielded hybridizing fragments larger than
12kb. The 1.9-kb Hindlll fragment (TfuMACa) was
excised from a gel and cloned. Multiple alignment with
already available DNA polymerase sequences demon-
strated that TfuMACa (Fig. 1) encodes the 446-aa
N-terminal region of a new DNA-dependent DNA poly-
merase with a putative 3'-5" exonuclease. The polymerase
sequence is split by an intervening sequence located in the
SLYPSII conserved motif (also called motif A), similarly
to P. kodakaraensis KOD1 (GenBank D29671) and T.
aggregans TY (Genbank Y13030). However, this putative
intein coding sequence was incomplete in TfuMACa.
No positive hybridization signal could be obtained with
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colonies derived from E. coli transformants which con-
tained the 5-kb Xhol-Xhol fragments, suggesting that we
could be facing the same kind of cloning problems pre-
viously encountered with the T. litoralis DNA polymerase
gene, or more precisely, with toxic inteins (Perler et al.
1992).

Membranes were hybridized again with probe GE23
“END.” and revealed a positive 1.1-kb HindIII-HindIIl
fragment. This fragment was cloned into pUCIS.
Sequencing of one of these positive clones demonstrated
(Fig. 1) that it encoded the C-terminal region of the DNA
polymerase (TfuMACc), but it did not overlap with
TfuMACa. It contains an intein closely related to Tli pol-2
and inserted in the YG.TDS motif (motif C). To clone the
central part of the 7Tfu DNA polymerase gene, membranes
were screened using the TFU “MID.” probe. This probe
hybridized to a 2-kb HindIII-HindIIl fragment, which
was also cloned in pUCI18 and sequenced (TfuMACD).
Fragments a, b, and c yielded a single ORF containing two
inteins and three exteins, which comprise the polymerase
(see Fig. 1). Amplification by PCR performed with
oligonucleotides located at both ends of the DNA poly-
merase gene gave a unique fragment of 4572bp, and its
sequencing demonstrated that no sequence was missing
across the HindIII sites. This fragment was unstable in
pUCI18 and in pET12a, but proved to be stable in the
pARHS?2 vector.
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Hindlll | Tfu MACa ! HindIIl CLONING STRATEGY
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] ]
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Fig. 1. Cloning strategy and gene structure of the DNA polymerase of
Thermococcus fumicolans. Three fragments of genomic DNA digested
with HindIII were cloned and sequenced independently. Those

fragments encode a single open reading frame coding for one
precursor. Protein splicing released the active DNA polymerase and
the two inteins
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Sequence analysis

The three sequences, TfTuMACa, -b, and -c, were assembled
and encode the Tfu DNA-dependent DNA polymerase.
This DNA polymerase belongs to class B (Ito and
Braithwaite 1991). It displays characteristic motifs de-
scribed by Blanco et al. (Blanco and Salas 1996). In
addition, the motif Y33, AGG reported by Pisani (Pisani et
al. 1998) to be involved in determining the processivity of
the proofreading function and to interact directly with the
nucleic acid substrate is highly conserved in T. fumicolans.

The gene is split by two intervening sequences. One is
closely related to Psp KOD1 pol-1 intein and located at the
same integration site (pol-a) corresponding to motif A
(DFR*SLYP). The similarity between these two inteins or
alleles at amino acids level is 75.3%. The second intein is
related to Tli pol-2 and located in integration site pol-c
corresponding to motif C (YAD*TDG), as in the T. litoralis
DNA polymerase gene. Similarity between these two alleles
is 62.2%. To our knowledge, this is the first time this kind
of DNA polymerase gene organization has been found.
Considering the criteria listed by Perler (Perler et al. 1997)
for intein identification, these two intervening sequences
encode putative inteins with homing endonuclease do-
mains. First, they represent large in-frame elements.
Second, they also display the same conserved sequences
necessary for protein splicing (Xu and Perler 1996). Third,
like inteins found in other Thermococcales DNA poly-
merase genes, they share the same dodecapeptide con-
served motif (LAGLIDADG) repeated at about 100 amino
acid residues apart.

The Tfu DNA polymerase sequence (after removal of
inteins) is closely related to the Thermococcus sp. GE 8
DNA polymerase obtained in our laboratory (unpublished
data), a new deep-vent hydrothermal species isolated by the
CNRS/Roscoff (Marteinsson et al. 1995), sharing 91.9% of
similarity at the amino acid level. The 7fu DNA polymerase
is also 90.6% similar to the DNA polymerase of Thermoc-
occus sp. 9°N (Southworth et al. 1996), but only 77.3%
similar to 7/i DNA polymerase, which appears to be rather
distant from the others even though they share common
inteins. A comparison of the two intein sequences of T.
fumicolans demonstrates that the divergence level between
them is greater than between inteins of the same allele class
(i.e., integrated at the same site) from different isolates.
This finding is in agreement with the results obtained by
Perler and coworkers in compiling and analyzing intein
sequences (Perler et al. 1997) and illustrates the
independent phylogenetic relationship between inteins in
the same gene at different locations.

Expression

No information was available concerning the possible
toxicity of Tfu pol-1 or Tfu pol-2 inteins, which could affect
the stability of any construction including the intein coding
regions because of possible endonuclease activity in E. coli.
The trials to clone the whole Tfu DNA polymerase gene

with both inteins, as described in Material and methods,
gave negative results with pET12a but were successful with
pARHRS2. One clone was selected and proved stable in
the NovaBlue strain at 37°C. Direct expression using
the BL21(DE3)pLysS strain was assayed. Cells cultured
overnight at 37°C in LB were lysed whereas at 30°C lysis
was limited. Expression of the proteins (the two inteins and
the DNA polymerase) was improved with 2xYT medium
supplemented with ampicillin and chloramphenicol at 30°C.
Maximum expression was obtained using a clone that
expressed the proteins after addition with 1mM IPTG
followed by 4h of induction.

Tfu recombinant DNA polymerase purification

Following cell lysis and centrifugation, purification of
supernatant was assessed by electrophoresis on SDS-PAGE
and fractions revealed by Coomassie blue staining. Protein
profiles (Fig. 2) of partially heated fractions obtained from
cells cultured at 30°C display several bands, a major one
being located around 170kDa (lane 2), which is appro-
ximately the size of the protein precursor containing the
DNA polymerase with both inteins, and another of 89kDa,
possibly corresponding to mature DNA polymerase.
Subsequent effective heating of 15-ml samples at 70°C for
10min of previous fractions (partially heated) induced
processing of most of the 170-kDa polypeptide and released

M

212
170

116

76

54

Fig. 2. Tfu recombinant DNA polymerase purification. Lane 1, crude
extract without heating; lane 2, pooled fractions after partial heating
and purification on Heparin column; lane 3, pooled fractions after
additional heating at 70°C; lane 4, pooled fractions after purification on
HiTrap column; lane 5, protein marker. M indicates the sizes in kDa



the 89-kDa DNA polymerase and inteins (lane 3). This
result demonstrated that splicing did not significantly occur
in E. coli during expression cultures at 30°C, which could
explain the lack of toxic effects, if any, in cultures. In fact,
splicing is thermosensitive and probably occurs in vitro
above 40°C, during the first step of purification. Further
purification (as described in Materials and methods)
yielded a pure and active DNA polymerase with a relative
molecular mass of 89kDa (lane 4).

Polymerase assay

Tfu DNA polymerase proved to be very sensitive to buffer
composition, compared to the 7/i DNA polymerase. Using
the Tli DNA polymerase buffer or the 7aq polymerase
buffer (Appligene-Oncor), the 7li DNA polymerase
activity was unchanged; this was not the case for 7fu DNA
polymerase activity, which varied from 4U/ul to about
60 U/ul, respectively, in the two buffers. In fact, KCl concen-
tration in the buffer was proved to be important because an
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Fig. 3. DNA polymerase and 3'-5'-exonuclease assays using the 77i
DNA polymerase buffer. Only one component was successively
subjected to variation: Tris-HCI, KCl, MgSO,, or MgCl,; 100% of
polymerase activity is the value obtained with the 7/i DNA polymerase
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increase in KCI concentration from 10 to 75SmM results in a
tenfold increase in polymerase activity (Fig. 3).

Thermostability

Purified Tfu DNA polymerase thermostability was tested
at three different temperatures: 92°C, 95°C, and 100°C. The
Tfu DNA polymerase is more thermostable than 7li DNA
polymerase (Kong et al. 1993) and much more thermostable
than Taq polymerase (Lawyer et al. 1993), as the Tfu DNA
polymerase retained 50% of its activity after 7h incubation
at 92°C, 3.3h at 95°C, and 2h at 100°C.

Temperature optimum

Polymerization by 7fu DNA polymerase has been tested
between 68.5° and 74°C on activated calf thymus DNA
with an optimum activity at 72°C. This optimum probably
reflects more a thermal denaturation of the substrate
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buffer in which the KCI concentration was increased from 10mM to
75mM. In the same way, 100% of exonuclease activity is the value
obtained with the same buffer, but at 30mM KCI concentration. Both
activities need a higher concentration in KCl than 77/i DNA polymerase



222

(activated calf thymus DNA) rather than a decrease in its
activity, because this enzyme is till active in PCR experi-
ments at 80°C in PCR (data not shown).

Exonuclease activities

Incubation of a large amount of 7fu DNA polymerase with
L DNA cut with HindIII led to the degradation of this DNA
(data not shown), indicating the presence of exonuclease
activity. This activity was checked by assaying the *P-
labeled product released from an end-labeled DNA
substrate. When the substrate was labeled on its 3'-end,
about 75% of the ¥P was released in 16h. When the
substrate was labeled on its 5’-end, no *P was released. This
result demonstrates that 7fu DNA polymerase possesses
a 3'-5' exonuclease activity, but no 5'-3' exonuclease
activity, which is consistent with its amino acid sequence.
Unexpectedly, the exonuclease activity proved to be less
sensitive to dNTP concentration in comparison with
Tli DNA polymerase; 80% of Tfu exonuclease activity is
retained with 0.75mM dNTP concentration. Exonuclease
activity of T/i DNA polymerase displays almost a linear
decrease, but residual activity is 10% at 0.75mM dNTP
concentration. However, at the usual ANTP concentrations
used for PCR and required to keep high-fidelity amplifi-
cation, the responses are similar.

Exonuclease thermostability

The 3'-5" exonuclease activity of Tfu DNA polymerase was
very thermoresistant as it was only slightly affected by 3h of
incubation at 92°C. The activity was slowly reduced after
80min at 95°C, but decreased rapidly at 100°C, the 3'-5’
exonuclease being totally inhibited after incubation of
25min at 100°C.

PCR assays

DNA amplification in vitro using DNA polymerases
from Thermococcales (Tli DNA pol, Pfu DNA pol, etc.)
is already a common practice, and the properties of Tfu
DNA pol in this field were analyzed. Using standard PCR

Table 1. Tfu DNA polymerase fidelity under several conditions

protocols, fragments providing the expected size bands
were obtained, up to 10kb. Addition of (NH,),SO, (Fig. 4,
lane C) increases the signal intensity, but with a moderate
loss in fidelity (Table 1). Nevertheless, Tfu DNA poly-
merase requires more strictly controlled thermal cycling
conditions than DNA polymerases devoid of 3'-5’
exonuclease activity. For an optimum PCR product yield,
an extension of 1min/kb of expected amplified fragment
is necessary if this fragment size is more than 2kb. Under
2kb, this rule cannot be respected. A minimum of 45s of
extension time is required to amplify a 280-bp fragment,
and 75s for a 400-bp fragment.

Fidelity assays

In comparative standard conditions (polymerase buffer at
1.5mM MgCl,), at 200uM of each dNTP (see Table 1), Tfu

A B C D E

Raoul
ladder

Fig. 4. Amplification of DNA fragments of various lengths by PCR
using Tfu DNA polymerase. Lane A, Raoul ladder; lanes B, C, 3.8-kb
amplifications; lane D, 7-kb amplification; lane E, 10-kb amplification.
PCR of 3.8 and 7kb was carried out with 40uM of each dNTP; 200 uM
of each dNTP was needed for 10-kb amplification; 0.5U of Tfu DNA
polymerase was used and 10ng lambda DNA as template. Lane C,
addition of 10mM of (NH,),SO, increases the signal but with a loss in
fidelity. For each PCR, unmodified primers were used

DNA Incubation Input Mg’* concentration Each dNTP Additives Error rate
polymerase conditions DNA (pg) (mM) molarity (uM) (/bp/duplication)
Tfu Tfu pol mix 20 15 40 0.9 x 107°
Tfu pol mix 20 1.5 200 1.6 X 107°
Tfu pol mix 20 1.5 300 1.9 X107
Tfu pol mix 20 2 200 20x10°
Tfu pol mix 20 25 200 255x107°
Tfu pol mix 20 3 200 53x107°
Tfu pol mix 20 15 40 (NH,),SO,, 10mM 0.95 X 107
Tfu pol mix 20 1.5 200 (NH,),SO,, 10mM 1.85 x 107
Tfu pol mix 20 1.5 40 gp32, Sug/ml 0.45 x 107
Tfu pol mix 20 1.5 200 gp32, Sug/ml 1.57 x 10°
Tfu pol mix 20 1.5 40 gp32, 30 pug/ml 1.05 x 107
Taq Taq pol mix 20 1.5 200 gp32, 30 pug/ml 24 x107°




DNA polymerase exhibits a better fidelity (1.6 X 107°
errors/bp/duplication) than Taqg DNA polymerase (2.4 X
10~° errors/bp/duplication). At a constant concentration of
MgCl, (1.5mM), the error rate of Tfu DNA polymerase
decreases (0.9 X 107°) by reducing the dNTP concentration
to 40uM each, a phenomenon previously observed (Cline
et al. 1996) with Pfu DNA polymerase, whereas 300uM of
each dNTP increases the error rate (1.9 X 10°). On another
hand, an increase of MgCl, concentration drastically alters
Tfu DNA polymerase fidelity, as the error rate measured
(at 200uM of each dNTP) varied from 1.6 X 107° to 5.3 X
10~ whereas the MgCl, concentration varied from 1.5 to
3mM. The loss of fidelity is more drastic when the MgCl,
concentration increases from 2.5 to 3mM (error rates from
2.55 to 5.3 X 107°). Surprisingly, no specific inhibition of
the 3'-5" exonuclease activity was observed when varying
MgCl, concentration (data not shown). These results com-
pletely differ from those obtained with Pfu DNA poly-
merase (Cline et al. 1996) or with vent DNA polymerase
(Ling et al. 1991).

The addition of 10mM (NH,),SO,, in spite of its
inhibitory effect on 3’5’ exonuclease, barely affects the Tfu
DNA polymerase error rate (0.95 X 10~° compared to 0.9 X
1077 in absence of salt, using 40uM of each dNTP). As
described previously, T4 gp32 improves fidelity (Sandhu
and Keohavong 1994). Tfu DNA polymerase fidelity is two
fold better at gp32 concentration of Sug/ml (0.45 X 107°)
in optimum conditions (40uM each dNTP, 1.5mM MgCl,).
However gp32 has no effect on fidelity at 200uM dNTP.
At the concentration close to that used for T4 DNA poly-
merase (30ug/ml) (Sandhu and Keohavong 1994), fidelity is
unchanged (1.05 X 107’ versus 0.90 10~° without T4 gp32).

Discussion

Thermococcus fumicolans is unique because its optimum
growth temperature (90°C) makes it the most hyper-
thermophilic of all Thermococcus described, close to
the temperature ranges of species belonging to the genus
Pyrococcus. At the DNA polymerase level, T. fumicolans
displays two interesting features. First, the intein insertion
pattern in its DNA polymerase gene (motifs A and C)
illustrates the fact that intein genes can be distributed in
many possible combinations in family B DNA polymerase
genes of Thermococcales. T. fumicolans displays the pattern
A + G; T. litoralis, B + C; T. aggregans TY, A + B + C; P.
kodakaraensis KOD1, A + B; Pyrococcus sp. strain GB-D,
B; P. furiosus and Thermococcus sp. 9°N, none. Second,
expression of the DNA polymerase gene including both
inteins was successful in E. coli at 30°C and produced an
unspliced and stable polypeptide precursor that could
undergo splicing after heat exposure.

As was shown, similarities between intein-less dna
pol. genes of Thermococcales are higher than similarities
between intein coding sequences. Two hypotheses can be
formulated about this result. First, inteins can accumulate
more mutations than polymerases and still retain functions
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necessary for cell survival. Second, inteins displaying
homing endonuclease motifs are more divergent because
they evolved separately from DNA polymerases. This idea
supposes the existence of horizontal transfer, already
hypothesized in different species (Liu and Hu 1997; Perler
et al. 1997; Pietrokovski 1998).

When cloning the T/i DNA polymerase, Perler et al.
(Perler et al. 1992) noticed that when they tried to clone
the entire gene in plasmids, recombinants grew poorly,
plasmids rearranged, and no active polymerase could be
detected. Inteins of P. kodakaraensis KOD1 (Nishioka et al.
1998) as well as those of T. litoralis recognize rare DNA
sites (and specifically a unique site in intein-less host
species), and we had no a priori insurance that inteins of 7.
fumicolans were not able to cut the genome of expression
strains of E. coli'. With these previous results in mind,
it would have been advisable to delete intein coding
sequences at the gene level and to ligate in vitro the extein
coding sections before expression experiments, as reported
previously (Niehaus et al. 1997; Perler et al. 1992; Takagi
et al. 1997). The toxicity of some inteins expressed in E.
coli can result from the endonuclease action cutting the
chromosome at the few sites recognized by the enzyme,
possibly different in E. coli compared to the Archaea host
strain due to specific cytoplasm characteristics, impairing
the host genome and killing the cells.

Based on the hypothesis that the probability is high that
Tfu inteins have no recognition sites in the whole E. coli
genome, it was decided to clone the entire DNA poly-
merase gene including inteins. Despite negative results with
the pET12a expression vector, suggesting a possible toxicity
of the construction or its products in E. coli, attempts in
PARHS2 vector at 30°C directly allowed expression of both
inteins and the DNA polymerase after thermally induced
splicing. Constructions used for these two types of vectors
were similar (insertion between Ndel/BamHI sites without
signal sequence), and it appears that the vector used for
cloning and expressing the recombinant polymerase in E.
coli is a very serious limiting factor. This positive result
could be due to the parB gene inserted in the pARHS2
vector (De Moerlooze et al. 1992). To our knowledge, this
is the first report about a clear failure of splicing at 30°C
of a thermostable intein in its native context in E. coli and
subsequent heat-induced splicing of the precursor. Davis
et al. (1992) reported that the wild-type recA allele of M.
tuberculosis produced a full-sized precursor 85-kDa protein
as well as mature recA protein and intein in subopti-
mal conditions for splicing. However, attempts to show
processing of the precursor of the wild-type recA locus were
unsuccessful.

Previous studies of protein splicing of purified precursor
were done on intein embedded in foreign proteins (MBP-
Psp GB-D pol-1-paramyosin A Sal), and allowed identi-
fication of a branched intermediate, modulation of splicing

"Characterization of the endonuclease properties of Tfu DNA
polymerase inteins have been done recently by Masson and coworkers
(Saves et al., 2000. J Biol Chem, 275(4):2335-2341)
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by temperature and pH, and splicing mechanisms (Xu and
Perler 1996; Xu et al. 1993, 1994). More recently, Klabunde
et al. (1998) reported also the obtaining of a stable pre-
cursor by mutation (GFP-Mxe gyrA-GFP), but the N-
terminal cysteine changed to alanine, preventing the first
step of splicing and inactivating the precursor. The avail-
ability of a precursor in its native context might open the
way to further investigation on splicing mechanisms and
their structural basis, as up to now no stable native polypep-
tide precursor was available and studies on three-dimen-
sional structure were performed on spliced inteins (Duan et
al. 1997; Klabunde et al. 1998).

Considering its biochemical characteristics, exonuclease
and polymerase domains can act independently, as shown
previously (Kong et al. 1993; Perler et al. 1996; Pisani et al.
1998), and this independence can be seen in the tem-
perature profiles of exonuclease and polymerase activities
as well as in their relative thermostabilities. Thermostability
of the Tfu polymerase and the 3'-5’ exonuclease domains
were analyzed using the same protocol of exposure to
high temperatures. However, besides the temperature, each
experiment requires specific conditions and the proper ionic
environment. Differences observed in retained activities
of polymerase and exonuclease after exposure to high
temperatures could reflect effective differences, a property
observed previously for archaeal DNA polymerases
(Hamal et al. 1990; Kong et al. 1993) or possibly to a minor
extent the impact of different experimental conditions. The
recently disclosed crystal structure of DNA polymerase
of T. gorgonarius allowed Hopfner et al. (1999) to discuss
adaptation to high temperatures. However, the different
abilities of 3'-5" exonuclease and polymerase domains
to sustain high temperatures and remain active are still
unexplained.

Tfu DNA polymerase proved to be an easy enzyme to
use in PCR amplification and is available on the market
(Tfu thermostable polymerase; Appligene-Oncor). It is
very sensitive to buffer composition and has an optimal
buffer containing 10mM Tris-HCI, pH 9.0; 5S0mM KCI;
1.5mM MgCl,; 0.1% Triton X100; and 0.2mg/ml BSA. KCl
concentration clearly enhances DNA polymerase activity
but reduces the 3'-5’' exonuclease activity. This 3'-5’
exonuclease activity is much less sensitive to dNTP concen-
tration than 77i DNA polymerase, which makes this enzyme
suitable for PCR applications when high dNTP concen-
trations are required. Its sensitivity to buffer conditions
allows the modulation of fidelity from 0.9 X 107 to 5.3 X
107° by changing the MgCl, and dNTP concentrations.
Decrease of fidelity when MgCl, and dNTP concentra-
tions increase is observed, although there is no specific
inhibition of 3'-5’ exonuclease activity. This result might
suggest that this phenomenon is primarily a consequence
of a direct alteration of intrinsic fidelity of the polymerase
domain, as already reported by Eckert (Eckert and
Kunkel 1990). In optimum conditions, observed fidelity
makes this new DNA polymerase attractive for applica-
tions requiring a strict limitation of errors in PCR. Tfu
DNA polymerase is also convenient to use in PCR up to
10kb.
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