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The DNA polymerase gene of Thermococcus fumicol-
ans harbors two intein genes. Both inteins have been
produced in Escherichia coli and purified either as nat-
urally spliced products from the expression of the com-
plete DNA polymerase gene or directly from the cloned
inteins genes. Both recombinant inteins exhibit endonu-
clease activity, with an optimal temperature of 70 °C.
The Tfu pol-1 intein, which belongs to the Psp KOD pol-1
allelic family, recognizes and cleaves a minimal se-
quence of 16 base pairs (bp) on supercoiled DNA with
either Mn2* or Mg?* as cofactor. It cleaves linear DNA
only with Mn?* and requires a 19-bp minimal recogni-
tion sequence. The Tfu pol-2 intein, which belongs to the
Tli pol-2 allelic family, is a highly active homing endo-
nuclease using Mg?* as cofactor. Its minimal recogni-
tion and cleavage site is 21 bp long either on linear or
circular DNA substrates. Its endonuclease activity is
strongly inhibited by the 3’ digestion product, which
remains bound to the enzyme after the cleavage reac-
tion. According to current nomenclature, these endo-
nucleases were named PI-Tful and PI-Tfull. These two
inteins thus exhibit different requirements for metal
cofactor and substrate topology as well as different
mechanism of action.

Since the first report of a protein splicing element as an
in-frame insertion in the VMA gene of Saccharomyces cerevi-
siae (1, 2), over 80 putative inteins have been identified.! In-
teins are widely distributed in a variety of eucarya, eubacteria,
and archaea genes and tend to invade highly conserved and
functionally important regions of their host genes. More than
30 different host proteins have been reported, including DNA
and RNA polymerases, helicases, gyrases, RecA recombinase,
ribonucleotide reductase, and metabolic enzymes.

Protein splicing is a rapid autocatalytic process occurring
at the peptide level. The intein coding sequence is transcribed
and translated in the proper reading frame with flanking
regions of the extein to produce a large precursor peptide.
The intein is then autocatalytically excised while the N and C
extein fragments are ligated, yielding a native and functional
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host protein. The molecular mechanism of splicing has been
thoroughly investigated (3-7). The excised intein is also a
stable protein. Like some group I intron open reading frames,
some intein genes have been found to encode double-strand
DNA endonucleases, which cleave the inteinless allele of the
host gene. Moreover, Gimble and Thorner (8) demonstrated
that the VMA1-derived endonuclease (VDE or PI-Scel) of
Saccharomyces cerevisiae introduces a staggered double-
strand break, repair of which results in the invasion of the
intein coding sequence in the VMAT gene in vivo. Thus, even
if this homing event still remains to be demonstrated in
eubacteria and archaea, it is clear that the endonuclease
activity potentially confers highly specific mobility to its own
coding sequence (9).

The majority of known inteins contain two conserved se-
quence motifs characteristic of the LAGLIDADG endonuclease
family, called the dodecapeptide motifs, in their central region.
In addition, two other motifs found in homing endonucleases
and four motifs involved in splicing are generally observed in
these inteins (10-13). While sequence alignment analyses tend
to show that inteins containing dodecapeptide motifs probably
exhibit endonuclease activity, only six inteins, Sce VMA, Tli
pol-1, Tli pol-2, Psp GBD pol-1, Psp KOD pol-1, and Psp KOD
pol-2, have been shown to be specific endonucleases and named
PI-Sce 1, PI-Tli 11, PI-Tli I, PI-Psp 1, PI-Pko 1, and PI-Pko 11,
respectively, according to the current nomenclature (8, 12, 14,
15).

The coding sequence of the Tfu DNA polymerase gene from
Thermococcus fumicolans (GenBank accession no. 7.69882)2 ex-
hibits two in-frame insertions of 1080 and 1167 bp® at positions
1218 and 2700, respectively (Fig. la), corresponding to ex-
pected inteins of 41.4 kDa (Tfu pol-1) and 44.8 kDa (Tfu pol-2).
While both Tfu polymerase inteins display the conserved motifs
determined by sequence alignment of homing endonucleases,
there is a marked divergence between their sequences (11). The
Tfu pol-1 intein belongs to the allelic family of Psp KOD pol-1,
while Tfu pol-2 intein is a Tli pol-2 allele. Thus, to compare the
splicing and endonuclease activity of both Tfu DNA pol inteins,
their coding sequences and the entire gene of the DNA polym-
erase were cloned in expression vectors. After the production
and the purification of recombinant and spliced inteins, their
putative endonuclease activities were investigated and
characterized.

EXPERIMENTAL PROCEDURES

Production and Purification of the Tfu Polymerase Inteins—The cod-
ing sequences of Tfu pol-1 and Tfu pol-2 inteins were amplified by PCR

2 M. Cambon and J. Quérellou, unpublished data.
3 The abbreviations used are: bp, base pair(s); pol, polymerase; PCR,
polymerase chain reaction.
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5 Tfu pol-1 Tfu pol-2 3
[ATG 1218 bp 1080bp [402bp]  1167bp  [70sbp ]
3’ ‘ 5°

Fic. 1. a, structure of the DNA polym-

erase gene of T. fumicolans as described b
by Cambon and Quérellou (GenBank ac-
cession no. Z69882). Length in bp of the
coding sequences of inteins and exteins is
indicated. Intein genes are shaded. b,
DNA substrates for PI-Tful and PI-TfuIl.
The sequences of PI-Tful and PI-Tfull
homing sites (HS) inserted in pUC19 (se-
quence of which appears in bold) are
underlined.

Substrate 1 (S1)
Substrate 4 (S4)

Substrate 5 (S5)

Substrate 2 (S2)

Substrate 3 (S3)

from Tfu genomic DNA with oligonucleotides Tfu pol-1-ATG (5’'-ttagat-
tcatatgtgtcatectgeegacact-3'), Tfu pol-1-TAG (5'-gatgtcgacctaattgtgggt-
cagtatgcee-3'), Tfu pol-2-ATG (5'-ctgtacgcatatgagtgttacaggggacacag-3’'),
and Tfu pol-2-TAG (5'-agcgtcgaccatgttgtgaacgagtattecg-3'), respec-
tively. These PCR products were a gift from J. Quérellou (Ifremer).
They were digested by Ndel and Sall and cloned into a Ndel-Sall-
digested pET26b vector (Novagen). The resulting constructs (pET26-
Tful and pET26-Tfu2) were sequenced by Isoprim (Toulouse, France).
Escherichia coli BL21(De3)[pLysS] bacteria transformed with pET26-
Tful or pET26-Tfu2 were grown at 37 °C in Luria broth culture medium
supplemented with 50 pug/ml kanamycin (Sigma). A 2-h induction with
0.5 mM isopropyl-B-D-thiogalactopyranoside (Sigma) was performed,
and cells were lysed in 20 mM sodium phosphate, pH 7.5 (measured at
25 °C), by six cycles of freezing-thawing. The lysate was centrifuged at
10,000 X g for 15 min, and the supernatant was chromatographed on a
XK26 Sepharose Q Fast Flow column (Amersham Pharmacia Biotech)
at room temperature. The proteins were eluted with a 0-1 M NaCl
linear gradient in 20 mM sodium phosphate, pH 7.5, at a flow rate of 5
ml/min. Tfu pol-1 and Tfu pol-2 are eluted at 0.2 and 0.7 M NaCl,
respectively, and are approximately 80% homogeneous. These fractions
were dialyzed against 10 mm Tris-HCI, pH 7.5, 50% glycerol, 0.1 mMm
EDTA, 1 mm dithiothreitol, 200 ug/ml bovine serum albumin, and 50
mM NacCl for storage.

The Tfu pol gene was cloned in an expression vector by Appligéne-
Oncor (France). BL21(De3)[pLysS] bacteria transformed with this plas-
mid were grown overnight at 25 °C. Extraction and purification proce-
dures for spliced inteins were identical to those described for
recombinant inteins, except that the protein extract was treated for 1 h
at 70 °C before purification.

Assay of Endonuclease Activity—All the substrates were constructed
by PCR as described by Weiner (16) using pUC19 as DNA matrix and
different purified oligonucleotide pairs: S1-5' (5'-tcgctatatecttcgattata-
gagtcgacctgecaggcatge-3') and S1-3’ (5'-cctaaaatctaaataagctaagagg-
atcccegggtaccgag-3'), S2-5' (5'-acagacggctttttcgecaacagagtegaccetge-
aggcatge-3') and S2-3’ (5'-atccgegtacageactttaaagaggatcecegggtac-
cgag-3'), S3-5' (5'-agagtcgacctgecaggceatge-3') and S3-3' (5'-caaaag-
cegtetgtateegegtgagaggateeecgggtacegag-3'), S4-5' (5'-agagtegace-
tgcaggceatge-3') and S4-3' (5'-atatagcgacctaaaaagaggatccecgggtac-
cgag-3'), and S5-5' (5'-tcggtatatcagagtecgacctgecaggeatge-3') and
S5-3" (5'-cctaaaatcagaggatcccegggtacegag-3'), for substrates 1-5,
respectively (Fig. 1b). The sequences in bold are necessary for the
annealing to the pUC19 matrix at 60 °C.

The 41-bp DNA substrate 1 (S1) for Tfu pol-1 consisted of 20 bp of the
5" end of the homing site plus 21 bp of the 3’ end, inserted in the Xbal
site of pUC19. In the same way, a 43-bp substrate for Tfu pol-2 was
constructed (substrate 2, S2). Substrates 3 and 4 (S3 and S4) corre-
sponded to the minimal recognition and cleavage sites determined by
the primer extension method (see below) for PI-Tfull and PI-Tful,
respectively. Substrate 5 (S5) corresponded to the minimal linear rec-
ognition site of PI-Tful.

The resulting plasmids were either linearized by Scal (Appligéne-
Oncor) and purified or the supercoiled forms of the DNA substrates
were purified from a 1% agarose gel in TBE (0.09 M Tris borate, 0.002
M EDTA) buffer. Finally, linear and circular forms of these substrates

HS Tfu pol-1

5 / ..GGGATCCTCTTAGCTTATTTAGATTTTAGGTCGCTATATCCTTCGATTATAGAGTCGACC..3 /

5 ' ..GGGATCCTCTITTTAGGYCGCTATATAGAGTCGACC..3 '

5 ' ..GGGATCCTCTGATTTTAGGTCGCTATATCAGAGTCGACC..3 '

HS Tfi pol-2

5 ’..GGGATCCTCTTTAAAGTGCTGTACGCGGATACAGACGGCTTTTTCGCAACAGAGTCGACC..3 /

5 7 .GGGATCCTCTCACGCGGATACAGACGGCTTTTGAGAGTCGACC..3 '

were diluted in water to a concentration of 100 ng/ul. Endonuclease
activity assays were performed in a final volume of 10 ul, in various
reaction buffers and temperatures ranging from 37 °C to 80 °C (see
“Results”). The reaction mixtures were analyzed on a 1% agarose gel
in TBE buffer. The amount of undigested substrates and products
were quantified with the ImageQUANT program (Molecular Dynam-
ics Inc.).

One unit of PI-Tful or PI-Tfull endonuclease was required to digest
1 pg of Scal-linearized DNA substrate 1 or 2, respectively, in 1 h at
70 °C, in optimal buffers. Specific activities of PI-Tful and PI-Tfull
were measured by incubating known amounts of linear DNA substrates
with known amounts of purified endonucleases.

Definition of the Minimal Recognition and Cleavage Site of Endo-
nucleases—The endonuclease recognition sites were determined by a
primer extension method as described by Wenzlau et al. (17). NaOH-
denatured plasmids S1 and S2 were sequenced in both orientations
using the T7 polymerase sequencing kit (Amersham Pharmacia Bio-
tech) and universal primers SeqPuc (5'-gtaacgccagggttttce-3') and
M13Rev (5'-ggaaacagctatgaccatg-3'). After chain termination reaction,
the samples were split in two. The first half of the sample was overdi-
gested with 100 units of PI-Tful or PI-TfulIl for 1 h at 70 °C, in a 50 mM
Tris acetate, pH 8, buffer containing 100 mm NH,OAc and 25 mMm
MnSO, or 75 mM Mg(OAc),, respectively. The cleavage reactions and
the undigested half of the sequence reactions were ethanol-precipitated
and resuspended in 5 pl of water. 4 ul of stop solution were added, and
the samples were subjected to electrophoresis in a standard 6% dena-
turing polyacrylamide gel.

Inhibition of Cleavage by Reaction Products—4 pg of Scal-linear-
ized substrate 2 were overdigested by PI-Tfull in optimal conditions
by successive additions of enzyme. Both cleavage reaction products
(940 and 1790 bp) were separated and purified from each other from
a 1% agarose gel in TBE buffer. These two DNA fragments were then
used as competitors in standard cleavage assays of substrate 2.

Electrophoretic Mobility Shift Assay—A 119-bp DNA probe con-
taining the 43-bp recognition and cleavage site of PI-Tfull was syn-
thesized by PCR. The universal M13Rev oligonucleotide was first
phosphorylated with [y-**P]JATP (NEN Life Science Products) (18)
and then used together with the pUC5’-Xba oligonucleotide (5'-
agcteggtacceggggat-3') and 26 ng of substrate 2 DNA as matrix in a
standard PCR amplification reaction. The 119-bp **P-labeled frag-
ment was purified and diluted in water to a concentration of 25 nm.
7.5 fmol of this DNA probe were incubated in a 20 mm Tris acetate,
pH 8, buffer containing 20 mm Mg(OAc),, 20 mm NH,OAc, 0.1%Triton
X-100, and 16% glycerol, either with or without PI-TfuIl, in a final
volume of 20 ul, for 15 min at 37 °C or 70 °C. These reaction mixtures
were then submitted to electrophoresis in a 7.5% nondenaturing
polyacrylamide (30:1) gel in 0.25X TBE buffer at 220 V for 2 h. After
electrophoresis, the gel was dried and radioactive bands were de-
tected using a PhosphorImager (Molecular Dynamics Inc.). The spec-
ificity of the DNA-protein interaction was controlled using 7.5 pmol of
herring sperm DNA as a nonspecific competitor in the binding reac-
tions (data not shown).
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Fic. 2. Expression and splicing of Tfu DNA polymerase in E.
coli. 10% SDS-polyacrylamide gel electrophoresis of crude extract of
Tfu DNA pol unheated (lane A) or treated at 70 °C for 30 min (lane B)
and 1 h (lane C), of purified Tag DNA pol (lane D) and recombinant Tfu
pol-1 and Tfu pol-2 inteins (lanes E and F, respectively).

RESULTS

Tfu Polymerase Inteins Were Spliced in E. coli—The com-
plete Tfu polymerase gene was expressed in E. coli, at 25 °C.
The SDS-polyacrylamide gel electrophoresis separation of the
crude extract shows two bands of approximately 41 and 45
kDa, which comigrated with Tfu pol inteins (Fig. 2). At this
temperature, a partial splicing reaction was observed since the
DNA polymerase was not detected after staining the gel with
Coomassie Blue, and we consistently obtained more 7fu pol-2
intein than Tfu pol-1.

Incubating this bacterial extract at 70 °C increased the
yield of spliced proteins, the DNA polymerase being detected
after heating for 30 min (Fig. 2). Even then, although no
protein bands corresponding to the polymerase precursors
were detected on the gel, splicing was probably not complete
after 1 h of incubation at 70 °C because of the different
amounts of each of the spliced products, i.e. the polymerase
and both inteins.

Purified Tfu DNA pol is active in standard PCR reactions
(Appligene-Oncor). Moreover, purified spliced Tfu pol-2 has
the same specific endonuclease activity as the recombinant
protein. In contrast, we could never detect any endonuclease
activity for the purified spliced Tfu pol-1, unlike the recom-
binant protein (see below). We used the recombinant proteins
to investigate further the endonuclease activity of both
inteins.

Endonuclease Activity of Tfu Inteins—Inteins with known
endonuclease activity recognize and cut a DNA sequence span-
ning the junction site created when the intein coding region is
deleted from the host gene (homing site). We thus constructed
substrate 1 for Tfu pol-1 and substrate 2 for Tfu pol-2 by
cloning synthetic homing sites of 43 and 41 bp, respectively
(Fig. 1b). The supercoiled and Scal-linearized forms of these
DNA substrates were purified and used to assay the endonu-
clease activity of both inteins.

Cleavage assays were performed in a wide range of experi-
mental conditions, including Tris-HCI or Tris acetate buffers,
pH 7-9 (measured at 25 °C), containing 0-100 mm Mg(OAc),,
0—400 mm NH,OAc, 0-30% glycerol, and 0-100 mm NaCl, KCI,
ZnCl,, CaCl,, MnSO,, or MnCl,. The assay temperature was
varied from 37 to 80 °C.

The supercoiled substrate 1 was cleaved by Tfu pol-1 intein
under a large set of conditions, at an optimal temperature of
70 °C. Both Mg?" and Mn?"* were able to stimulate the cleav-
age reaction (Fig. 3a), and optimal digestion was obtained in a
50 mm Tris acetate, pH 8, buffer containing 25 mm MnSO, and
100 mm NH,OAc. Open circular DNA accumulated during the
reaction leading to linear DNA product, indicative of a two-step
reaction. When MnSO, was replaced by 50 mm Mg(OAc),,
cleavage efficiency dropped approximately 5-fold and the open
circular intermediate accumulated (Fig. 3a).

In contrast, Tfu pol-1 showed no endonuclease activity on
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Fic. 3. Standard cleavage assays for PI-Tful and PI-Tfull. a,
cleavage assay for PI-Tful on circular substrate 1. 100 ng of purified
supercoiled substrate 1 (Fig. 2) were incubated either with (+) or
without (=) 40 ng of PI-Tful, for 10 min at 70 °C, in a 50 mM Tris
acetate, pH 8, buffer containing 100 mm NH,OAc, and 50 mm Mg(OAc),
(Mg?*) or 25 mm MnSO, (Mn?*). Supercoiled (sc), open circular (oc), and
linear (lin) forms of DNA were separated on a 1% agarose gel in TBE
buffer. b, cleavage assay for PI-Tful on linear substrate 1. 100 ng of
Scal-linearized substrate 1 were incubated either with (+) or without
(=) 40 ng of PI-Tful, for 10 min at 70 °C, in a 50 mM Tris acetate, pH 8,
buffer containing 100 mm NH,OAc, and 50 mm Mg(OAc), (Mg®") or 25
mM MnSO, (Mn?*). Substrate (S, 2730 bp) and products (P, 940 and
1790 bp) were separated on a 1% agarose gel in TBE buffer. ¢, standard
cleavage assay for PI-Tfull. 100 ng of linear or circular substrate 2 (Fig.
2) were incubated with (+) or without (=) 0.1 ng of PI-TfuII in a 50 mm
Tris acetate, pH 8, buffer containing 100 mM NH,OAc, 75 mMm
Mg(OAc),, and 10% glycerol, for 10 min at 70 °C. Circular (sc) and linear
(lin) forms were separated on a 1% agarose gel in TBE buffer.

linear substrate 1 under all the conditions assayed, with up
to 300 ng of protein/assay, except when manganese or zinc
salts were added to the reaction buffer instead of magnesium
salt (Fig. 3b). It turned out that MnSO, stimulated the reac-
tion much more efficiently than MnCl, and ZnCl,. Optimal
cleavage of linear substrate 1 was obtained, as with circular
substrate 1, in a 50 mm Tris acetate, pH 8, buffer containing
25 mm MnSO, and 100 mm NH,OAc. Under these conditions,
both linear and supercoiled substrates were cleaved with the
same efficiency and specific activity of Tfu pol-1 (PI-Tful) was
4,800 units/mg.

In contrast, Tfu pol-2 exhibited endonuclease activity on
substrate 2 under numerous assay conditions. No difference
was observed between circular and linear forms of the DNA
substrate, which were cleaved with the same optimal efficiency
at 70 °C (Fig. 3c), in a 50 mm Tris acetate, pH 8, buffer con-
taining 75 mm Mg(OAc),, 100 mm NH,OAc, and 10% glycerol,
with a specific activity of Tfu pol-2 (PI-Tfull) of 748,000 units/
mg. The cleavage efficiency was decreased 5-10-fold by replac-
ing MgZ* by Mn2". Otherwise, no cleavage was observed dur-
ing the endonucleasic digestion of the supercoiled DNA (Fig.
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TABLE I
Cleavage properties of PI-Tful and PI-Tfull
Relative activities of PI-Tful and PI-Tfull on substrates 1 and 4, or 2
and 3, respectively. The cleavages of linear or circular forms of sub-
strates are compared, and Mn?* and Mg?* are used as cofactor. +++
indicates that the cleavage is optimal; + indicate a 5-10-fold loss in
cleavage efficiency; — indicates that no activity is detected.

Linear DNA Circular DNA
Mn2* Mg2+ Mn2+ Mg2+
PI-Tful
Substrate 1 (43 bp) +++ - +4++ +
Substrate 4 (16 bp) - - +4+ +
PI-Tfull
Substrate 2 (41 bp) + +++ + S+
Substrate 3 (21 bp) + +++ + 4+

3c). The effects of DNA topology and divalent ions used as
cofactor on endonuclease activity of PI-Tful and PI-Tfull are
summarized in Table 1.

Minimal Recognition Sequences—A mixture of potential dou-
ble-strand DNA substrates for PI-7Tful and PI-Tfull were gen-
erated by primer extension using circular substrate 1 or sub-
strate 2 as templates, respectively. The extension products
including all the bases needed for cleavage were digested and
thus disappeared from the sequence reaction, while those lack-
ing one or more bases of the minimal recognition site were not
digested. Hence, the comparison of digested and undigested
sequence reactions allowed the determination of the bases nec-
essary for cleavage (Fig. 4a). This method yielded a 16-bp
non-palindromic site for PI-Tful and a 21-bp non-palindromic
site for PI-Tfull. In both cases, cleavage generated non-identi-
cal 3’ overhangs of 4 bases (Fig. 4b). Both cleaved substrates
could be religated with T4 DNA ligase. Thus, cleavage by
PI-Tful or PI-Tfull generated 5'-phosphate and 3’-hydroxyl
ends. To confirm the results obtained by primer extension,
plasmids containing the 21-bp site for PI-Tfull (substrate 3) or
the 16-bp site for PI-Tful (substrate 4, Fig. 1b) were con-
structed and submitted to cleavage assays either as linear or
supercoiled DNA.

Standard cleavage assays on linear and circular DNA sub-
strates 3 and 4, under optimal conditions for each enzyme,
highlight the different catalytic behaviors of the endonuclease
inteins (Table I). While PI-Tfull cleaved with the same effi-
ciency linear and circular substrates 2 and 3 in the magnesium-
containing buffer, PI-Tful cleaved linear substrate 1 but did
not cleave linear substrate 4 even in presence of manganese
(Fig. 5a). On the other hand, PI-Tful cleaved with the same
efficiency supercoiled substrates 1 and 4 (Fig. 56). Cleavage
assays on various linear substrates for PI-Tful (data not
shown), containing synthetic homing sites of different lengths,
led to a minimal linear site of 19 bp (Fig. 1), which is homol-
ogous to the one described for PI-Pkol (15).

Thus, PI-Tfull cleaved its homing site and made no differ-
ence between linear and supercoiled DNA containing the min-
imal or a larger recognition site. In contrast, PI-Tful cleaved
supercoiled DNA harboring its 16-bp recognition sequence but
required a longer recognition sequence (=19 bp) and manga-
nese as cofactor to cleave linear DNA. Moreover, under these
conditions, linear DNA was cleaved as efficiently as circular
DNA (Table D).

Product Inhibition of PI-Tfull—While incubation of linear
substrate 1 with PI-Tful led to its complete cleavage, prolonged
incubation of substrate 2 with PI-Tfull resulted in only partial
cleavage (Fig. 6a). The same results were obtained with circu-
lar DNA substrates (data not shown). After 10 min, 80% of the
cleavage was performed and the reaction stopped. Addition of
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Fic. 4. Minimal recognition site of PI-Tful and PI-Tfull, deter-
mined using the primer extension procedure. a, autoradiogram of
the sequencing gel for PI-Tfull site determination. The sequencing
reactions were performed in direct (SeqPuc) or reverse (M13Rev) ori-
entations. PI-Tfull-digested (+ lanes) and undigested (— lanes) reac-
tions were loaded side by side on a 6% denaturing polyacrylamide gel.
A large arrow indicates the cleavage site on each DNA strand. Boxes
represent bases belonging to the minimal site, in each direction. b,
minimal nucleotide sequence necessary for recognition and cleavage by
PI-Tful and PI-TfulIl. The arrows indicate the homing sites (HS) of the
inteins in the DNA polymerase gene. The dashed boxes indicate the
minimal recognition sequences.

fresh PI-Tfull allowed the reaction to proceed, but a loss of
activity rapidly followed (data not shown). As the enzyme was
stable at 70 °C, this loss of activity could result from an inhi-
bition of PI-Tfull by one of its reaction products. To test this
hypothesis, the two DNA fragments resulting from the cleav-
age of Scal-linearized substrate 2 were purified and added as
potential inhibitors in cleavage reactions. Under the conditions
used, 50 ng of substrate 2 were digested by PI-TfuIl, when no
inhibitor was added to the reaction. Fig. 6b shows that the
940-bp fragment, which includes the homing site 5’ end, inhib-
ited weakly the cleavage reaction. On the other hand, the
1790-bp fragment, which includes the homing site 3’ end, was
an efficient inhibitor of the reaction, a 1:1 ratio between sub-
strate and DNA fragment resulting in 80% inhibition. Electro-
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Fic. 5. Cleavage of minimal substrates of PI-Tful and PI-Tfull. a, cleavage assay of linear substrates. 100 ng of Scal-linearized substrates,
S1 and S4 or S2 and S3, were incubated for 10 min at 70 °C, with 20 ng of PI-Tful or with 0.1 ng of PI-TfuII, in a 50 mM Tris acetate, pH 8, buffer
containing 100 mm NH,OAc, and 25 mM MnSO, or 75 mm Mg(OAc),, respectively. Substrates (S, 2730 bp) and products (P, 940 and 1790 bp) were
separated on a 1% agarose gel in TBE buffer. b, cleavage of supercoiled substrates by PI-TfuI. 100 ng of purified supercoiled substrates 1 and 4
(Fig. 2) were incubated either with (+) or without (—) 200 ng of PI-Tful, for 10 min at 70 °C, in a 50 mM Tris acetate, pH 8, buffer containing 100
mM NH,OAc and 25 mMm MnSO,. Circular (sc), open circular (oc), and linear (lin) forms of both substrates were separated on a 1% agarose gel in

TBE buffer.

phoresis mobility shift assays confirmed the strong interaction
between the 3’ cleavage fragment and PI-TfuIl. Fig. 7 shows
that this digestion product remained bound to the enzyme after
cleavage was performed at 70 °C. Under these experimental
conditions (large excess of enzyme over substrate), cleavage
could also be observed at 37 °C but there was surprisingly no
mobility shift for the resulting fragment.

DISCUSSION

Most DNA polymerase genes from archaebacteria sequenced
to date harbor one to three intein genes. These inteins are
in-frame insertions at precisely the same locations, in the con-
served motifs II, ITI, or I of the class B DNA polymerases (pol
«). Thus, three allelic families of inteins have been defined,
corresponding to these three different locations (Ref. 12; avail-
able via the World Wide Web from InBase, the New England
Biolabs intein data base). Among the seven known intein-
harboring polymerases, the Tfu polymerase is the only one that
does not have a large intein within the conserved motif III. Its
two inteins, Tfu pol-1 in motif IT and 7fu pol-2 in motif I, belong
to the Psp KOD pol-1 and 77i pol-2 allelic families, respectively.
Both inteins exhibit endonuclease activity with an optimal
temperature of 70 °C, which is in line with the thermophilic
nature of 7. fumicolans. Splicing of the inteins does occur in E.
coli, but it is very inefficient. It is greatly enhanced by a
prolonged incubation at 70 °C. Thus, unlike the splicing of
PI-Scel, splicing of the Tfu pol inteins seems quite temperature-
dependent. One puzzling result was the fact that no endonu-
clease activity could be detected in vitro for the spliced PI-Tful,
while the recombinant protein exhibits enzymatic activity. This
suggests that, when produced in E. coli, the precursor protein
fold is not fully correct, resulting in hindered splicing as well as
inactive PI-Tful. Indeed, splicing of PI-Tfull is much more
efficient that splicing of PI-TfuI and the spliced PI-TfuI1 is fully
active. When produced separately, the recombinant inteins and
the DNA polymerase are active. High salt buffers are needed
for optimal cleavage activity of both inteins. This feature could
be linked to the fact that 7. fumicolans is a marine organism,
optimal growth of which is obtained with 30-40 g/liter salt
(19). Indeed, the DNA polymerase activity is also stimulated by
salts, while DNA polymerases from freshwater thermophilic
bacteria, such as the Tag enzyme, do not need high salt
concentrations.

Tfu pol-1 (PI-Tful) is 75.5% identical to Psp KOD pol-1, also
known as homing endonuclease PI-Pkol (15). PI-Tful cleaves
supercoiled DNA with magnesium or manganese as cofactor
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FiG. 6. Inhibition of PI-Tfull. a, kinetics of cleavage by PI-Tful and
PI-TfuIl. 200 ng of linearized substrates 1 and 2 (Fig. 2) were incubated
with 80 ng of PI-Tful (e) or 0.3 ng of PI-Tfull (M), respectively. The
assays were performed at 70 °C, in their respective optimal reaction
buffers and stopped at 4 °C after various incubation times. b, inhibition
of PI-Tfull activity by the reaction products. 100 ng of substrate 2 (Fig.
2) were incubated with 0.1 ng of PI-TfuII for 10 min at 70 °C in optimal
conditions. Various amounts of the 940-bp (X) and 1790-bp (M) cleavage
products or poly(dI-dC) (e) were added to the reaction mixture to a
molar ratio of inhibitor/substrate ranging from 1 to 15.
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Fic. 7. Electrophoretic mobility shift assay. The DNA probe (7.5
fmol) was incubated for 15 min with (+) or without (=) 150 fmol of
PI-Tfull at 37 °C, or with (+) or without (—) 75 fmol of PI-TfuII at 70 °C,
in a 20 mM Tris acetate, pH 8, buffer containing 20 mm Mg(OAc),, 20
mM NH,OAc, 0.1%Triton X-100, and 16% glycerol. The bands corre-
sponding to the 119-bp DNA probe (Pr), the shifted probe (SPr), the
76-bp product (p), and the shifted product (Sp) are indicated by arrows.

but requires manganese and a longer recognition site to cleave
linear DNA. A difference in size requirement for minimal rec-
ognition sequence between linear and circular DNA has al-
ready been described for PI-Scel (20). The 16-bp minimal rec-
ognition sequence for PI-Tful is 3 bp shorter than the one
determined for PI-Pkol (15). In fact, on linear DNA, PI-Tful
and PI-Pkol both require a 19-bp sequence for binding and
cleavage. The main difference between the two enzymes then
seems to be metal requirements. Within the conserved se-
quence motifs that constitute the endonuclease signature,
there are few differences between the two inteins PI-Tful and
PI-Pkol. The two acidic residues that are part of the catalytic
triad (Glu-125 and Asp-225) are conserved, but the third resi-
due, Lys-203, is replaced by an arginine in PI-Tful. Such a
substitution in PI-Scel (K301R) led to a 15-fold loss of activity
and to a larger increase of activity when substituting magne-
sium with manganese (21). The equivalent substitution K92R
totally inactivated EcoRV (22). On the other hand, an arginine
is also found in the catalytic triad of PI-T/iI, which requires
Mg2+ as cofactor (12), as does PI-Pkol. This change in residue
therefore cannot account for the specific metal requirement of
PI-Tful.

Although manganese has been shown to stimulate the activ-
ity of magnesium requiring endonucleases, including PI-Scel
(8, 21), it usually results in relaxed specificity, allowing cleav-
age of non-cognate sites. PI-Tful is peculiar, for it has no
detectable activity with magnesium on linear DNA while its
activity with manganese as a cofactor is comparable to that of
PI-Pkol. Thus, manganese relaxes the topological specificity of
PI-Tful, but not its requirement for cognate sequence, which is
the same with either metal on supercoiled DNA. In this respect,
it is reminiscent of the I91L mutant of EcoRV, where a single
mutation within the active site of the enzyme results in a total
shift in metal requirement while retaining specificity for the
cognate sequence (23). The longer sequence needed for cleavage
of linear DNA could translate the requirement of initial DNA
bending for efficient substrate binding. On bent DNA, the
enzyme takes a conformation that allows either magnesium or
manganese to occupy the cofactor site and neutralize the phos-
phorus to trigger the cleavage of the phosphodiester bond. On
linear DNA, the enzyme might take a slightly stretched con-
formation such that magnesium cannot occupy the cofactor site
anymore while manganese, due to its 20% larger bonding ra-
dius, can still efficiently bind to its site on the protein and
neutralize the phosphorus on DNA.

An open circular intermediate accumulates during the reac-

Endonuclease Activity of Tfu DNA Polymerase Inteins

tion with supercoiled DNA, suggesting a two-step mechanism.
A slower reaction rate with magnesium translates into more
open circular intermediate. In a similar way, an open circular
intermediate also accumulates during the magnesium-cata-
lyzed cleavage by EcoRV, but disappears with manganese (ei-
ther with the wild type EcoRV or with the I91L mutant) due to
the enhanced cleavage rate.

Tfu pol-2 (PI-Tfull), which is 65% identical to T7i pol-2 (PI-
TIiD), is a very active endonuclease. It recognizes and cuts a
21-bp site on linear or circular DNA, leaving a 4-base 3'-OH
overhang. This site is 15 bp shorter than the PI-Scel homing
site (24) and slightly larger than the sites recently determined
for the PI-Pkol, PI-Pkoll (15), or PI-Tful (this work) enzymes.
It only differs by 3 bases from the 21-bp sequence central to the
PI-TUiI recognition site. A more thorough comparison of these
two enzymes is needed to determine if they truly have different
cleavage sites. Unlike PI-Tful, PI-Tfull requires Mg?" as a
cofactor and is less active with Mn2" for cleavage of its cognate
sequence.

PI-Tfull is subject to efficient product inhibition by one of the
cleavage fragments. Our gel shift experiments indicate that the
K, for the product should be of the same order of magnitude as
the K,, for the substrate. We also observe that binding of the
substrate at 37 °C is still efficient, while cleavage is almost
abolished as well as product inhibition. This result is reminis-
cent of an inhibition mechanism involving the catalytic resi-
dues. Similar product inhibition has been reported for other
endonucleases, including PI-Scel, although in this latter case
inhibition appears more drastic (20). Thus, the DNA recogni-
tion and cleavage mechanism is probably homologous for both
endonucleases, with a strong binding site 3’ to the cleavage
site.

T. fumicolans DNA polymerase gene harbors two intein
genes like many other archaea DNA polymerase genes, but it
is the only one that does not have a Tli pol-1 type intein
allele. Its two intein genes code for active endonucleases that
greatly differ in specific activity, cognate sequence, as well as
metal requirement, cleavage site topology, and sensitivity to
product inhibition. Such a situation has not been yet de-
scribed and provides a contrasted model for the study of
archaebacterial endonuclease inteins. Site-directed mutagen-
esis of the active site of PI-Tful will provide more information
on the role of its residues and on its unusual topological and
cofactor specificity.
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