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ABSTRACT

We screened for proteins with specific binding
activity to Holliday junction DNA from the hyperther-
mophilic archaeon Pyrococcus furiosus and found a
protein that has specific affinity for DNA with a
branched structure, like a three-way or four-way
junction. The protein was identified as one of the two
inteins encoded in the gene for ribonucleotide
reductase (RNR) by gene cloning. These two inteins
were spliced out from the precursor protein as
polypeptides with molecular weights of 53.078 and
43.976 kDa, respectively. The amino acid sequences
of these inteins have two copies of the LAGLIDADG
motif, which is found in the site-specific DNA endo-
nucleases. The purified proteins actually cleaved
double-stranded DNA with the sequence of the intein -
allele, and, therefore, they were designated PI-  Pful and
PI-Pfull. They generate a 4 bp 3 '-OH overhang with a
5'-phosphate, like other known homing endonucleases
originating from inteins. The optimal conditions of

the DNA cleavage reaction, including temperature,
pH, and concentrations of KCl and MgCIl ,, have been
determined. The high affinity for junction DNA of PI- Pful
was confirmed using the purified protein.

INTRODUCTION

Since an intein is a type of movable genetic element that
promotes DNA rearrangement, it may be an important factor in
the evolution of genomes. The molecular mechanism of its
invasion into intein-less sites of DNA is also interesting for
molecular biologists, especially in the field of DNA
recombination. Moreover, the autocatalytic reaction of protein
splicing would be useful for protein engineering. These properties
of the intein have been catching many researchers’ attention,
and publications related to inteins have been increasing
dramatically.

Most inteins have the LAGLIDADG maotif in their sequence,
which is characteristic of a family of homing endonucleases
(reviewed in 12,13). The endonucleases in this category make
a double-stranded break in the DNA site, at each 12-40 base
long specific recognition sequence, and eight inteins have been
experimentally demonstrated to have this activity (11). Even
though several regions, including the LAGLIDADG maotif
described above, are conserved among the inteins (9), the
entire amino acid sequences of the inteins are not conserved,
which is related to the fact that each intein can recognize a
specific nucleotide sequence on the DNA, like the restriction
endonucleases. To elucidate the structural basis for the ability
of the homing endonucleases in the LAGLIDADG motif
family to specifically recognize and cleave a DNA homing site,
the crystal structures have been solved foSE¢-(14), I-Crel
(15) and Ibmd (16). Furthermore, the crystal structure atiel
bound to its homing site DNA has been determined (17).

During the course of our screening for Holliday junction binding
proteins from a hyperthermophilic archaeByrococcus furiosys

Inteins are proteins that are spliced out from a precursor at tH&e identified a protein that can bind specifically to the junction

protein level (for reviews see 1-6). The splicing is known to beDNA. Further analyses showed that the protein was one of the
processed autocatalytically, which means that the splicingvo inteins proposed from the sequence in the ribonucleotide
ability is entirely encoded by the inteins themselves. Inteingeductase (RNR) precursor protein (18). In this report, we
have been shown to be present in all three domains of lifegonfirm that the two intein-like sequences are spliced out from
Bacteria, Eukarya and Archaea. As a result of archaeal genortiee precursor protein produced iBscherichia coli The
sequencing projects (7—10), many inteins have been predictddochemical properties of the purified inteins produced in
in their genomes, and about 100 inteins have been registeredncoli have been characterized. Each intein has a heat stable
the database InBase to date (11; http://www.neb. com/nel@hdonuclease activity that cleaves double-stranded DNA at the
inteins.html ). Among the registered sequences, 25 proteiriatein-less allele. These inteins are now registered in InBase as
have been experimentally determined to be functional inteing?I-Pful and PIPfull, respectively.
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4168 Nucleic Acids Research, 1999, Vol. 27, No. 21

intein-1 (PPl [ Tintein-2 (PPl
i 4 & 1 i & a4 4 R + i i b
1 "o N 10 % 8 T 65 4 21

abede fghiijk mn e 1234567 8 2101112131413

comples pe= complex -
free junction e free junction e

Figure 1. Determination of the region responsible for production of the Holliday junction binding protein.'Thedb3-ends of the nested deletion mutants from

each side are indicated by a—o0 and 1-15, respectively\)irHeat-treated cell extracts from each deletion mutant were subjected to the gel retardation assay using
a’?P-labeled synthetic four-way junction as probe. An autoradiograph of a 5% PAGE is shdnTi¢ letters above the lanes correspond to the mutants indicated

in (A). A heated extract of the clone having pFU45 was used as a positive control (lane control). Abbreviations in the restriction Balfl; BgEcaRl; Ev,

EcoRV; Sp,SpH.

MATERIALS AND METHODS Tris—acetate, 0.5 mM Mg acetate, pH 7.8). The electrophoretic

. profiles were visualized by autoradiography.
Materials

Pyrococcus furiosustrain Vcl (19) was obtained from Deutsche DNA sequencing

Sammlung von Mikroorganismen (Braunschweig, Germany)Two plasmids, pFU45 and pFUG0, in which the 4.5B4llI
Cultivation of the strain, preparation of its DNA and constructionfragment and 6.0 kiSpH fragment (Fig. 1) were inserted,
of the cosmid-based library were as described earlier (20,21)espectively, into pUC118, were used for preparing nested
except that the sonicated extracts were heated @ 8%tead deletion clones in both directions using the kilosequence deletion
of 100°C (22). Escherichia coliJM109, plasmids pUC18 and kit (Takara Shuzo), and the nucleotide sequences were analyzed
pUC118, restriction endonucleases, modification enzymesyith a fluorescent DNA sequencer, ABI 377A (PE Applied
PCR-related products and oligonucleotides were purchasddiosystems, Foster City, CA).
from Takara Shuzo (Kyoto, Japan)Escherichia coli ) ) o
BL21(DE3) and pET21d were from Novagen (Madison, WI).Subcloning and expression of the intein genes
[y-*P]ATP was obtained from NEN Life Science ProductsThe regions encoding the inteins were amplified by PCR
(Boston, MA). individually from pFU60. PCR primers corresponding to the
Gel retardation assay for screenin translational initiation (F1 and F2) and termination regions
y 9 (R1 and R2) were designed: F1-BGCACGAGCCATGECA-
Synthetic Holliday junctions, HJ (non-homologous sequenc@AGACGGAAAGGCCAAG-3) and R1 (5ACGCTGGATCCT-
in the junction center) and HJm (homologous sequence in thATTAGTTGTGGACGAAAATCATT-3') for intein-1 (PIPful);
core), and other forms of DNA including normal duplex, three-wayF2 (5-CAGCCGTACCATGACTGTCGTTGGAGACACT-
junctions (3J and 3Jm), and looped-out DNA were constructeAGAAT-3") and R2 (5CGCATGGATCCTATTAGTTGTG-
as described earlier using the same oligonucleotides (22). T@RCTCATGAAGCCG-3) for intein-2 (PI1Pfull). The F1 and
reaction mixtures for the gel retardation assay (@) F2 primers contailNcd recognition sequences at the initiation
contained 5ul of heat-treated supernatant ad#P-labeled codons, and R1 and R2 contdant| sequences just after the
DNA (0.1 pmol) in binding buffer (20 mM Tris—acetate, termination codons of intein-1 and intein-2, respectively
pH 8.0, 0.5 mM Mg acetate, 1 mM DTT, 100g/ml BSA, (underlined). PCR was performed in the standard reaction
5% glycerol) and were incubated at 85 for 10 min, after mixture optimized forPfu DNA polymerase (Stratagene,
which 5pl of a gel loading buffer, containing 20 mM Tris—HCI, La Jolla, CA), and the products were inserted into the pET21d
pH 8.0, 10% glycerol, and 0.1% bromophenol blue, was addeexpression vector after digestion wiNcd and BanHI. The
Fifteen microliters of each mixture were subjected to 5% polyentire nucleotide sequences of the inserted DNAs were
acrylamide gel electrophoresis using TAM buffer (20 mM confirmed using the resultant plasmids, pFINT1 and pFINT2.



Nucleic Acids Research, 1999, Vol. 27, No. 21169

Purification of inteins prepared from p140, p140C, p240 and p240C were annealed

Escherichia colBL21(DE3) carrying pFINT1 or pFINT2 was with a32P-I§beIed unlversa_lllsequencmg primer (M4; Tgkara_l Shu;o)
grown at 37C with shaking in 500 ml of L broth containing that can bind to the position upstream of the mgltlclonlng site
50 mg of ampicillin. When the #, of the culture reached 0.6, of pU_CllB, and were divided into two tubes. Primer extension
isopropyl-D-thiogalactopyranoside (IPTG) was added to a finaf€actions were performed usifcaBEST DNA polymerase
concentration of 1 mM, and the culture was incubated for a furthelT @kara Shuzo). The reaction products were then digested with
6 h. The cells were harvested and disrupted by sonication in bufféi-Pful or PI-Pfull, and were loaded on a 6% polyacrylamide
A, containing 50 mM Tris—HCI, pH 8.0, 2 mM 2-mercaptoethanolgel with 8 M urea together with the primer extension products
and 10% glycerol. The supernatant was incubated &€86r  with dideoxynucleotide triphosphates from the same primer-
15 min to denature and precipitate most of Eheoli proteins.  templates. For delineation of the minimal cleavage sequences,
The heat-treated supernatant was subjected to anion exchargygther primer extension method was done as described earlier
chromatography (Resource Q; Amersham Pharmacid?24).

Uppsala, Sweden) followed by affinity chromatography

(Hitrap Heparin; Amersham Pharmacia). The purity of the

target protein in each fraction was verified by SDS—-PAGE, an@®ESULTS

the final fractions were quantified using a protein assay kibloning of the genes for PIPful and PI-Pfull

(Micro BCA Protein Assay Reagent; Pierce, Rockford, IL). ) ] o ) )
In order to identify the proteins iR.furiosuscells that can bind

Protein splicing in E.coli specifically to Holliday junction DNA, we employed a strategy

A part of the RNR gene, either &coRV fragment containing  that involved screening for heat stable binding activities to a
intein-1 and its vicinity or anEcaRl fragment containing Synthetic Holliday junction from the.furiosusprotein library.
intein-2 and its vicinity, was inserted into the pET21d vectorFive hundred independert.coli clones, transformed by a
with adjustment of the translational frame to produce thecosmid-based library &?.furiosusgenomic DNA, were cultivated,
precursors. The resultant plasmids, pINT1IEV and pINT2Eand cell-free extracts were incubated at@or 10 min to
were introduced intde.coli BL21(DE3) and the target regions inactivate most of theE.coli proteins. The resultant heated
of the precursor protein were produced. Products were separatedpernatants were subjected to gel retardation assay using a
by 10% SDS-PAGE followed by electroblotting onto a poly- synthetic Holliday junction (HJ) as probe. In this way,
vinylidene difluoride membrane. The blots were processedO clones with binding activity were obtained. To characterize
with an enhanced chemiluminescence system (AmershatheP.furiosusggenomic DNA regions inserted into the cosmids,
Pharmacia) as described earlier (22). a Southern blot analysis was done, which showed that all of the
clones contained the same restriction fragment (data not
shown). Then, commoBanHI| fragments were excised from
The oligonucleotide duplexes (40 bp in length) home 1 andhe cosmid vector and digested wBlglll. Each fragment was
home 2, with nucleotide sequences corresponding to the insertiefoned into théBanH| site of the pUC118 vector. Gel retardation
sites of the genes for intein-1 and intein-2, respectively (20 bpssays using these subclones showed that a B§lkbragment
from each end of the N- and C-terminal exteins), were used as thgFu45) was responsible for the specific binding activity (data
substrates for an endonuclease reaction after belap&led with  not shown). Nested deletion clones in both directions were
%2P. The 30 bp duplexes homg With 15 bp each of the N-and  ¢onstructed, and the entire nucleotide sequence of the fragment
C-terminal exteins, and homé @ith 20 bp of the N-and 10 bp of 55 determined. From the nucleotide sequence analysis, the
the C-terminal exteins, were also used. Alternatively, thesg,gion we cloned was matched to that including a part of the
ollgor;]ucleotltldes welre inserted into pUC118 at Hmﬁ” Sit®  RNR gene published earlier (18). Two inteins were predicted
%r:-dpﬁ_gf&e)sif‘%m gfosrg:]d dS, gigg a(ltnhdogelingP(fz(ﬁI; V(\j/g?:t'o% exist from the deduced amino acid sequence of the gene, and
di ' pea ap . ' the gel retardation assay using the deletion clones indicated
irectly used for digestion reactions. The PO cleavage . ; ST
that the region encoding the upstream intein (intein-1) was

reaction mixture contained 10 mM Tris—HCI, pH 8.8, 10 mM . . - ) . .
MgCl,, 1 mM DTT, 150 mM KCl and 1 pmol of the oligo- re_sp_on3|ble fpr th_e production of a specific Holliday junction
2 y binding protein (Fig. 1).

nucleotide substrate (20 nM) or Qg of the plasmid substrate
(76 nM), and was incubated at either’&8X(for oligonucleotide Overproduction of PI-Pful and PI-Pfull

substrates) for 30 min or 8C (for plasmid substrates) with ] ] . o
endonucleases (0[4M) for 5 min. The mixture was analyzed N order to analyze the biochemical properties of the intein-like
by 6% PAGE followed by autoradiography or by 1% agarose geprot_eins, we n_1ad<_e overexpression systems for the regiqns for
electrophoresis with ethidium bromide staining. Phenol/chlorofornintein-1 and intein-2. The expected proteins were highly
extraction was necessary before loading the reaction mixture onpgoduced irE.coli BL21(DE3) cells with IPTG induction. The

the gels, because the DNA band was shifted when the reactiédwo recombinant proteins were heat stable, and heating the

Endonuclease assay

products were applied directly. sonicated cell extracts at 8D for 15 min was an effective step
o , for their purification. Two sequential column chromatographies
Determination of the cleavage site were sufficient to purify the two proteins to near homogeneity

To determine the exact cleavage positions oPRIFand PI-  (Fig. 2). The amounts of purified intein-1 and intein-2 from
Pfull in the recognition sequence, a primer extension metho&00 ml cultures of each recombindhicoliwere 4.0 and 4.5 mg,
was used as described earlier (23). Single-stranded DNA®spectively.
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A B completely matched to the deduced sequences of intein-1 and
Mi23a M1234 intein-2 (the N-terminal cysteine was not detected). This result
{kDa) (kDa) shows that both proteins are actually inteins that have autocata-
97.4 |— 974 e — Iytic splicing activity. These two proteins were also detected in
6 SN s 65 == _ the crude extract d?.furiosuscells by western blotting, which
45 |m= - g =T means that both intein-1 and intein-2 are produce®.fariosus
iE cells, possibly by protein splicing. Bands of precursors and
LU e J 31 - splicing intermediates were not detected (data not shown).
NS = 215 = = Identification of the site-specific endonuclease activity

The purified inteins were subjected to an endonuclease assay.
In general, intein-coded endonucleases recognize an intein-less
(junction of the two extein genes) sequence (12,13). The target
stages (5ug each) were analyzed by 10% SDS—PAGE. Lane 1, supetnatar'2&S for the reported homing endonucleases in this category
after sonication; lane 2, supernatant after heat treatmeAC(&8 15 min); vary, ranging from 12 to 40 bp; therefore, we prepared 40 bp
lane 3, Resource Q column chromatography; lane 4, HiTrap Heparin columduplex DNAs, home 1 and home 2, including the junction of
chromatography. Lane M contains size marker proteins (Bio-Rad). The gelhe two extein genes (described in Materials and Methods) as
\;vr?(r)svﬁfégzd with Coomassie brilliant blue. The two inteins are indicated b’éubstrates for the endonuclease assay. These substrates were
' cleaved by the inteins at one site, as shown in Figure 4A,
although they were not completely cleaved. Then, home 1 and
A home 2 were inserted into the pUC118 plasmid. The resultant
plasmids, p140 and p240, were cleaved almost completely by
each enzyme, as shown in Figure 4B. Neither of the two inteins
cleaved the plasmid containing the DNA fragment that

Figure 2. Purification of intein-1 (PIPful) (A) and intein-2 (PIPfull) (B). The
two inteins produced ifE.coli were purified, and fractions from the differen

v e ey | — includes the intein gene-inserted junctions (data not shown).
— These two inteins were designated F#l and PIPfull,
B ) respectively, in accordance with the proposed rules for
nomenclature of intein-coded homing endonucleases (3). The
(kD3) (kDa) dependency of cleavage efficiency on the length of the
o R 200 substrate DNA shows that the structural and torsional environ-
precursor -7 precursores) i =737 ments of the recognition sites are important foPRiFand PIPfull,
- 86 as reported for P&cé (25).
ntein-1 (PPl)e = —|_ 4 intein-2 (Pl-Prull) m| o= o As shown in Figure 5, a divalent cation was essential for
their cleavage activities. Less than 10 mM Mg®hs optimal
for both endonucleases, as shown below (Fig. 7). Manganese,

but neither calcium nor zinc, could substitute for magnesium.
As reported for PlScé (26), an extra site in pUC118 was
cleaved inefficiently in the presence of ®tn(Fig. 5). This
relaxation of substrate recognition, which is the so-called star
the resultant plasmids, pINT1EV and pINT2E, were introduced Emli. activity of .type II' restriction .endo.nUCIeases (24), was also
The cell extracts of each transformant were subjected to 10% SDS—PAGI@bserVed in the PRful reaction in the absence of KCI

(lane 1). Purified inteins were loaded in lane 2. The proteins were detected bgdescribed below).
western blottingB). The closed circle and asterisk show the branched intermediate o . . .
and the product from cleavage at only one splice junction, respectively, aetermination of the cleavage site and delineation of the

predicted from their mobilities. recognition sequence

Figure 3. Identification of protein splicing irE.coli. DNA fragments containing
the intein-1 (PIPful) gene and its flanking regions or the intein-2 (Pfill)
gene and its flanking regions were cloned into the expression vetjoand

To determine the exact position cleaved byARlFand PIPfull in

their recognition sequences, we performed primer extension
experiments, as described in Materials and Methods. Both
To determine whether the two intein-like sequences in thenzymes cleaved the DNA to produce 'ao8erhang of four
RNR precursor have protein splicing ability, the plasmidspases, as shown in Figure 6. The cleavage position &ff@l-
PINT1EV and pINT2E, expressing a portion of the RNRincludes the junction of the two extein genes. In contrast, that
precursor, were constructed. In each of the plasmids, a gerg PI-Pfull is within the gene for the C-terminal extein. The
fragment encoding one of the inteins and its vicinity wasgenerated ends were agghosphate and d-®H, as confirmed
inserted (Fig. 3A). These plasmids were introduced Eatmli, by ligation-recutting of the products (data not shown). To
and the produced proteins were analyzed by western blottingelimit the recognition sequences, we tried a primer extension
using antisera against the purified inteins. As shown immethod, as described (24), and expected that both enzymes
Figure 3B, bands corresponding to intein-1 and intein-2 anéieeded at least 30 nt for cleavage (data not shown). A foot-
their precursors were observed in both cases. The precursorinting experiment of PPful also showed that 30 bases
proteins were more strongly detected whenBEtepli strains were  around the cleavage site were protected from DNase | digestion in
cultured at 20 instead of 3C (data not shown). The N-terminal both strands (data not shown). Therefore, we made oligonucleo-
amino acid sequences (nine residues each) of the bands weides with 30 bp containing the extein junctions to confirm the

Protein splicing in E.coli
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Figure 4. Endonuclease activity of intein-1 (Pful) and intein-2 (PIPfull). The 40 bp oligonucleotide duplexes home 1 and home 2 were directly used as
substrates after labeling withP (A), or were used after insertion into plasmid pUC1B8.(The 30 bp oligonucleotides with their recognition sequences (home 1
and home 2 were used after insertion into the same plasi@jd Substrate 1 indicates home 1 (A), p140 (B) and hoh¢€)l and substrate 2 indicates home 2 (A), p240 (B)
and home 2(C), respectively.

@"3‘\ that PIPful cleaved one additional site in pl40 at a low
concentration of KCI. The sizes of the cleaved products were
the same as those from the reaction with Mp@s mentioned

*—-lineﬂf above. Therefore, we determined the cleavage site in pUC118

== ccc by PI-Pful by the same primer extension method, after estimating
the position by the digestion patterns of several restriction

* enzymes. The determined recognition sequence was substantially

similar to the original recognition sequence of Fld, as
shown below (Fig. 10).

Figure 5. Effect of divalent cations on the endonuclease activities dPfel- e e g .
Purified PIPful was dialyzed against buffer without divalent cations and was SPECIfic binding of PI-Pful to Holliday-structured DNA

j he endonucl with vari ion ing plasmid p1 P ST :
e e e one anm #48le cloned the gene for M by specifc binding to Hollday-
enzyme (0.21M) were analyzed by 1.0% agarose gel electrophoresis. ArrowsStructured DNA, as described above. As shown in Figure Bfi#)-
and stars indicate the linear plasmid cleaved at the recognition site and tHaut not PIPfull, bound to the two different Holliday-structured
products of the star activity, respectively. DNAs (HJ and HJm). PPful also bound to the three-way

junction. However, it did not bind to the looped-out DNA

molecule containing 10 unpairable bases. Double-stranded
minimum size for recognition/cleavage. These d30mers werBNAs containing 1 base mismatch or 1 base deletion were not
digested by PPful and PIPfull only when they were inserted substrates of PRful for specific binding (data not shown). To
into the plasmid, as shown in Figure 4C, but were not digestethvestigate whether HPful recognizes the nucleotide
by themselves. The flanking sequences of the plasmid at treequence of one of the four arms in the Holliday junction,
insertion site of the d30mer are completely different fromduplex DNAs with the sequences of each of the four oligo-
those in home 1, but one base matches that in home 2. Thesecleotides constituting the Holliday junction were used for a
results show that at least 30 and 31 nt sequences including tiyel retardation experiment; however, no specific binding was
extein—extein junctions can be recognized for cleavage I®fl#l- observed (data not shown). To confirm the specificity of the

and PIPfull, respectively. PI-Pful binding ability, competition experiments were done.
. ) - As shown in Figure 9, binding of APful to the Holliday
Optimal reaction conditions for PI-Pful and PI-Pfull junction or to the double-stranded DNA home 1 was inhibited

Optimal conditions for the endonuclease activity of i only by these two DNAs and not by a duplex homing site,
and PIPfull were determined using the plasmids p140 and p240home 2, of PIPfull. The binding of PIPful to its homing site
respectively, as DNA substrates (Fig. 7). Both endonucleasa¥as inhibited by an excess amount of the Holliday junction,
worked over a wide range of temperature, pH and concentratiofit not by a non-specific duplex DNA. These results clearly
of MgCl, and KClI, but PIPfull required more stringent conditions show that PIPful has a specific affinity for Holliday junction
than PIPful. PI-Pful was more heat resistant than Piull. DNA. The reason why complex formation did not decrease with
Maximum activities for PIPful and PI1Pfull were obtained at an equimolar probe/competitor is probably that the protein
80-100 and 80-9C, respectively. PRful was much more concentrations were higher enough than probe concentrations in
tolerant of changes in pH and salt concentration. A neutral pHhese experiments to not be affected by the competitors. The
1-10 mM MgC}, and <200 mM KCI were clearly suitable for apparent dissociation constankg) of PI-Pful obtained from
PI-Pfull. Under acidic conditions, open circular DNAs nicked the gel retardation assay were 180 and 160 nM for HJ and
at one strand were detected, in contrast to the highly concertétdm, respectively. These values indicate that the affinities of
cleavage of the two strands under the optimal conditions foPI-Pful for Holliday junctions are one order of magnitude
both PIPful and PIPfull. During these experiments we found lower than that for the duplex homing site (home 1), which
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Figure 6. Determination of the cleavage sites of Pl and PIPfull in their recognition sequences. Gel electrophoresis of the primer extension reaction, followed
by PI-Pful or PI-Pfull digestion is shown in4). The cleavage positions were determined by comparing the product bands with sequence ladders obtained in
parallel. The recognition sequences and the cleavage positions (indicated by arrowheadX)bafd-PIPfull are shown in B).

gave &, value of 11 nM, as shown in the accompanying papethe PspPol-1 intein precursor proteins, which were produced
(27). A weaker competition of HJ or HIm, but not of home 1,in separateE.coli hosts. We used APful for transsplicing
with home 2 for PIPfull binding was observed in the competition independently, and succeeded in segmental isotope labeling of
experiment shown in Figure 9, which indicates thathfill  the C-terminal domain of thE.coli RNA polymerasex subunit
may also prefer to bind to a Holliday junction rather than towith 13N (29). This technique is especially advantageous for
normal duplex DNA, even though direct binding of Plell to  protein structure analysis by NMR spectroscopy.
HJ or HJm was not observed in the gel retardation assay. This is the first report of an intein with binding specificity for
Holliday junction DNA. This finding is interesting in relation
to a model mechanism for the transfer of an intein gene or
DISCUSSION intron by the double-strand break-repair pathway through a
We have determined that the two inteins foundPifiuriosus  Holliday junction intermediate (reviewed in 12). However, it is
have two functions: splicing if.coli and acting as homing-type not known whether all (or most) of the homing endonucleases
endonucleases. Both inteins, which were name@®fBl-and  are endowed with this specific binding ability. No binding of
PI-Pfull based on their endonuclease activities, recogniz€l-Pfull to the Holliday junction was detected in the gel
about 30 bases in their intein-less (homing) sequences amdtardation assay under the same conditions used fBifuPl-
cleave double-stranded DNA. Due to their rare cutting propertie§lhe HMG box proteins are known to show structure-selective
PI-Pful and PIPfull are useful enzymes for genome analyseshinding of four-way DNA junctions (30,31). Thi€, value of
and gene manipulation including genome mapping, constructioRl-Pful binding to four-way junctions is comparable to those
of cloning vectors, and gene targeting, like other homing endosef the HMG box proteins published elsewhere (32). However,
nucleases (reviewed in 13). Pohleret al. (32) suggested that recognition of a DNA junction
Both endonucleases are highly heat stable, and they are suitablg HMG proteins may be due to an accidental similarity in the
for studies of structure—function relationships and also foDNA structure to the normal binding site on the chromosomal
practical applications. Recently, a useful technique for proteidNA, because the HMG proteins prefer to bind to the open
engineering usingranssplicing was proposed. Southworth square form of the junction. The binding of Pful to four-way
et al. (28) showed that protein splicing occurs from splitting junction DNA decreased with an increasing amount of?iig
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Figure 9. Competition analysis of DNA binding abilities. Pful or PI-Pfull

(40 nM) and3?P-labeled DNA probes (5 nM) were incubated with various
unlabeled DNAs, and the bound complexes were detected by gel retardation
assay. In each panel: lane®P-labeled probe; lane 22P-labeled probe and
protein indicated at the left side; lanes 3-5, unlabeled DNAs indicated at the
Figure 7. Effect of temperature, pH, ionic strength and divalent cationtop were added as competitors at 5, 50 and 500 nM, respectively.
concentration on the endonuclease activity oPRil and PI1Pfull. Except for

the variables indicated, the cleavage reactions were done using the p140 and

p240 plasmids as substrates under the standard assay conditions. | and I

indicate PIPful and PIPfull, respectively, in A) (temperature), ) (pH),

(C) (KClI concentration) andX) (MgCl, concentration). The concentratiorfs o Pyrococcus horikoshiOT3 became available in a database
the substrate and the enzyme in the reaction mixture were the same as thos

Figure 5.BanHI-digested p140 or p240 was loaded as a control for thee( ) The amino acid sequence of RNR and the nucleotide
digested linear DNA product in all panels. The products derived from the stasequence of its genes hhorikoshiiare 93 and 82% identical,
activity of PI-Pful are indicated by an asterisk. respectively, to those iR.furiosus.The intein corresponding
to PI-Pfull was found in the RNR oP.horikoshiiat exactly the
same position as that &f.furiosus and their sequences have
73% identity with each other. The sequences of the intein insertion

. . » : S - sites are almost the same (27 of 30 bases are identical) between the
probe i) m & 3Jm aop-oul U e single . . . . . e .

pINTY (B-r) | — | i = + | I two species. There is no intein mhorikoshiicorresponding to

D e oocial ::f ot ___1:::; SotomodomtT PI-Pful. This fact indicates thaP.furiosusacquired PIPful

. through horizontal transfer from another source, after diver-
! gence of the two pyrococcal species. It is also possible that
— P.horikoshiilost one of the inteins in the RNR gene after diver-
e .'hl- .“ gence. A comparison of the recognition sequence d?fal-
o “‘lu - . emee with the corresponding intein-less sequencePdfiorikoshii
| OT3 shows that 19 out of 30 bases are identical (Fig. 10pferl-
may digest theP.horikoshiigenome at this site, and horizontal
Fiqure 8. DNA bindi icities of PPIU and PIPTUL The DNA bindi transfer of this intein gene may occur between the two species,
agzlll?tlrgs ofPIPfullr;nlg%ﬁgf‘z(l:llvl\(/:érlgfn(\)/estlglaJtea:jnumng v:nouseforms ofIZy:\r:ﬁetlc because the pUC18 plasmid is digested byPRI- at a
DNAs. The conditions for the binding reaction and the gel electrophoresis aréequence with 14 out of 30 bases identical to its recognition
described in Materials and Methods. sequence under some conditions, as described above. Therefore,
these two strains may be useful for analyzing the molecular
mechanism of the intein homing event. The sequences corre-
which changes the four-way junction from the open square tgponding to the PRful insertion site in the RNR genes from
the stacked X structure (data not shown). The binding d?fal-  Archaeoglobus fulgidusnd Thermoplasma acidophilurare
to the junction DNA may also be accidental, because of thalso very similar. In their sequences, 23 and 20 out of 30 bases
similarity of the bent structure of the substrate to the homingire identical, respectively (Fig. 10). The genes may also be
endonuclease, as analyzed in detail forSe# (25,33). We cleaved by PPful. In addition, the sequences of the RNR
performed a circular permutation analysis and showed that thgenes fronA.fulgidusandT.acidophilumcorresponding to the
substrate DNA bends when it binds tofPfld (27). To determine  region of the PIPfull insertion site are also very similar, and
whether specific binding of the homing endonuclease to tha@9 and 21 out of 30 bases are identical, respectively (Fig. 10).
Holliday junction has biological significance, the binding modePI-Pfull may cleave these sites in the genomes of these organisms.
and its preferred conditions must be analyzed in more detail. Homing of the yeast VMA intein into an emplyMA1 gene
The phylogeny of the inteins is also interesting, as describe(f/MA1Avde is the only example that has been prowewivo
earlier (5,34). Recently, the complete genome sequence tfus far (35).
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Pl-Pful
Homing site AAGATGGGAGGAGG(! CGGACTCAACTTC
P. fu TTCTACCCTCCTICCCTGGCCTGAGTTGAAG

A. fu

T. ac

puUC18
(-KCl or Mn*)

PI-Pfull

AACGAATCCA'TGTGGAG GAGCCTCTATA
TTGCTTAGGTACA(CTCTTCTCGGAGATAT

Intein

Figure 10. Comparison of the nucleotide sequences of the regions corresponding to insertion of the intein in the ribonucleotide reductase genes foumdPirfuArchae
P.furiosus P. ho,Pyrococcus horikoshiiA. fu, Archaeoglobus fulgidysT. ac, Thermoplasma acidophilunThe sequence in pUC118 that can be recognized and
cleaved by the star activity of Aul (with Mn?2* or in the absence of KCI) is also shown at the bottom. The sequences identical to the authentic recognition
sequence are shadowed.
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