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ABSTRACT

Two intein endonucleases, denoted PI-  Pkol and PI- Pkoll,
in the DNA polymerase gene of the hyperthermophilic
archaeon Pyrococcus kodakaraensis  KOD1 were
expressed in Escherichia coli and the recombinant
endonucleases were characterized. Both endo-
nucleases were thermostable and cleaved their intein-
less DNA sequences leaving four base 3 '-hydroxyl
overhangs. PI- Pkol exhibited 22 times higher specific
activity than PI- Pkoll and the activity of Pl- Pkoll was
enhanced at higher potassium ion concentrations

(1 M). Recognition sequences were also determined
using synthetic oligonucleotides inserted into plasmid
pUC19. It was shown that DNA sequences of 19 and
16 bp are needed for cleavage by PI- Pkol and PI- Pkoll,
respectively. Pl- Pkoll could cleave the downstream
junction region between intein-encoding and mature
DNA polymerase regions and cleavage by PI- Pkoll
could be detected even when chromosomal DNA of
P.kodakaraensis KOD1 was used as substrate. There-
fore, it is suggested that these endonucleases are
switching endonucleases whose function lies in the
rearrangement of chromosomal DNA.

INTRODUCTION

Protein splicing is a post-translational reaction involving preci
excision of an intervening protein sequence, termed an int
from a precursor protein and subsequent ligation of the exter
protein segments to form a native peptide bard)( Two of the
intriguing properties of this reaction are that protein splicin
involves autocatalytic excision of the intein and that an excise'g(
intein often exhibits site-specific endonuclease activity which

DDBJ/EMBL/GenBank accession no. D29671

have been shown to possess endonuclease activity and among then
theSceVMA intein endonuclease froBicerevisiaenamed PBcé,

has been particularly well studied3-16). The PIScé endo-
nuclease exhibits 34% amino acid identity to $heerevisiadHO
endonuclease, an enzyme that mediates the switching of mating type
in yeast, with the homology being greatest in the conserved
dodecapeptide sequences corresponding to tilre aites of these
endonucleases6). This dodecapeptide sequence, called the
LAGLIDADG motif, is shared not only by intein and HO
endonuclease but is also found in homing endonucleases encodec
by group | and archaeal introris’-20). Enzymes possessing the
LAGLIDADG maotif cleave DNA within their recognition
sequences to leave four baskhydroxyl overhangs. The
recognition sequences are generally asymmetrical and long, with
sizes of 12—40 bpl().

We have shown that the thermostable DNA polymerase gene
from a hyperthermophilic archedPyrococcuskodakaraensis
KOD1 contains two intervening sequencg$)(In the present
study, we describe the characterization of these two new
thermostable endonucleasesPRH and PI1Pkadl.

MATERIALS AND METHODS
Plasmids used

Two DNA fragments coding for KOD DNA polymerase, each
containing one of two intein sequences, were constructed using
PCR techniques as explained in a previous refajt Each of

Sfhe amplified fragments was inserted into an expression vector
:%IET 8c) and the resultant plasmids, gioltintein-1) for

-Pkd and pETpol(intein-2) for PIPkdl, were used to
transformEscherichiacoli BL21(DE3).

g

pression and purification of recombinant proteins

recognizes and cleaves the intein-less DNA allele. Since the ficGene expression d.coli cells harboring pEpol(intein-1) or
discovery of protein splicing in thE-P1 gene (also designated pET-ol(intein2 was induced by addition of 1 mM IPTG at mid-
VMAI) encoding the 69 kDa catalytic subunit of the vacuolaexponential phase and the cells were harvested after 4 h

H*-ATPase ifSaccharomyces cerevisigi&7), protein splicing has

incubation by centrifugation (80@or 10 min). The cell pellet

been reported from all three phylogenetic domains: bacteria, eukawyas resuspended in buffer A (10 mM Na-phosphate, pH 7.0, 0.1 M
and archaeaB£12). In previous studies, four of the known inteinsNaCl, 0.1 mM EDTA, 1 mM DTT) and disrupted by sonication,
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PI-Pkol Pl-Pkoll KOD1 pofintein-1 . . . VYLDFR | CHPADTK. (360aa). ANGILTHN| SLYPSI. ..
kDa kDa KOD1 pofintein-2 . . . |IKILAN|SILPEEW. (536aa). FGLVYAHN| SYYGYY. ..
94 - T/ pol intein—1 ... IKLLAN]SILPNEW. (538aa). FQLLYAHN SYYGYM. . .
a4 Th polintein-2 ... KVLYAD|SVSGESE. (390aa). ANNILVHN| TDGFYA. ..
67 67 -|0F o o SceVMA intein ... AILYVG|CFAKGTN. (454aa). ANQVVVHN| CCGERN. . .
MtuRecA intein ... KVYVKNK]CLAEGTR. (440aa) . AEGVVVHN| CSPPFK. . .
43 43 |4 4
20 30 e | lntein
20.1- 201 m=
14.4 14_4-!_ Figure 2. N-Terminal sequence of purified Pkd and PIPkdl. Conserved
E— amino acid residues observed at protein splicing junctions are indicated by an

asterisk. The amino acid residues determined experimentally in this study are
underlined.

Figure 1. SDS—PAGE of purified recombinant Pkd and PIPkadl.

centrifuged (800@ for 60 min) and the supernatant kept as a crude

extract (Fraction I). Fraction | was incubated &®@%or 10 min and

then centrifuged (800@ for 60 min) to remove denatured

proteins. The clear supernatant (Fraction Il) was brought to 70%
saturation with ammonium sulfate and stored°& 4vernight. 23,130
The precipitate was collected by centrifugation (8§@gr 60 min) e
and dissolved in the same buffer A. This crude enzyme sample was 4.364
heat-treated at 8& for 10 min. A heparin column (1:62.5 cm, 2322
HiTrap; Pharmacia, Uppsala, Sweden) was equilibrated with 2,027
buffer A and the enzyme sample was applied to the column.
Protein fractions were eluted with a linear gradient of 0.1-2 M

NaCl. KOD DNA polymerase and an intein were recovered at 564
[0.6-0.7 and 1.1 M NacCl, respectively. The intein fraction
(Fraction IIl) was dialyzed overnight against buffer C (10 mM Na-
phosphate, pH 7.0, 0.5 M NaCl, 0.1 mM EDTA, 1 mM DTT) and

then applied to the same heparin column equilibrated with buffer

C. The intein fraction (Fraction 1V) was eluted with a linear
gra(_jlent of Q.5—2 M Nqu at a flow I’ate of 1 ml/mm'. FOHOW”_]g Figure 3. Endonuclease activity measurement foPRd and PIPkdl. Lane 1,
elution, the intein fraction was also dialyzed overnight againsbna size marker (sizes shown in bp on the right); lane 2, pUCSS04 digested
buffer D (50 mM Tris—HCI, pH 8.0, 150 mM NaCl, 0.1 mM with Scd and PIPkd; lane 3, pUCSS04 digested wied and PIPkdl; lane 4,
EDTA, 1 mM DTT) and then concentrated with polyethylene PUCSS04 digested witBcd.

glycol 20 000. Purified protein fractions were concentrated and

applied to a Superose 6 HR10/30 gel filtration column (Pharmacia)

equilibrated in buffer D at a flow rate of 0.5 ml/min in order toSequences. The 449 Bp—Sad fragment of the mature DNA

determine the molecular masses. Purity of proteins was examirymerase gene containing both cleavage sites for the two intein
by 0.1% SDS-12% PAGE. endonucleases was cloned into pUC18 and the plasmid named

pUCSS04. pUCSS04 () was linearized witBcd and was then
incubated with PRkd or PIPkdl at 70°C for 1 h in the standard
enzyme reaction buffer containing 50 mM Tris—HCI (pH 8.5),
Purified PIPkd and PIPkdl were subjected to electrophoresis 10 mM MgCh, 1 mM DTT, 100 mM NaCl. After phenol-

on a 13% SDS—polyacrylamide gel with a Tris—Tricine buffechloroform extraction and ethanol precipitation, samples were
system 22) and transferred to a Oim Trans-Blot Transfer analyzed by agarose gel electrophoresis. One unit of endonuclease
Medium PVDF Membrane (BioRad Labolatories, Hercules, CApctivity was defined as the amount of enzyme required to hydrolyze
by electroblotting. The membrane was stained with Coomasslgug linearized pUCSS04 plasmid completely in 1 h &C70

blue R-250 and two protein bands of 41 and 62 kDa, corresponding

to PIPkd and PIPkdl, respectively, were excised and eachpetermination of cohesive termini generated by

subjected to sequential Edman degradation using an Appligthdonuclease treatments

Biosystems ABI 473A-3. The data were acquired and analyzed _ o
on an Applied Biosystems 610A Data System. T4 DNA polymerase is useful for the examination of cleavage

patterns produced by endonucleases owing to its ability to catalyze
repair of 5-overhangs and hydrolysis of-@erhangs. pUCSS04
digested with PRkd and PIPkdl, respectively, was recovered
The endonuclease activities of Pkd and PIPkdl were from the agarose gel with a Genclean Il kit (Bio101 Inc., Vista, CA)
examined by digestion of a plasmid which contained the part ahd the DNA was treated with T4 DNA polymerase (Takara Shuzo
the mature DNA polymerase sequence without intein DNACo., Kyoto, Japan) in the presence of ANTPs. The DNA mixture was

— Substrate

Product {Secal - Pl-Pkoll)

Product { Scal - Pl-Pkol)

Amino acid sequence analysis

Enzyme assays
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A

1/ / intein-1"/ /]

S E————— S ————

|-Pkol cleavage site ) Pi-Pkoll cleavage site
a.
Vs 5 - cacAAcAGCTACTAL’GGTTAGTAGGG e 3
TAGATTTTAGAT'CCGTGTACCCCTCA ; S gtgTTGTCGM"GATGccAATGATGCC Ty

3 - ATCTAAMATCTAGGGACATGGGGAGT R ]

§ . gcaAACAGGTAGTAdGGTTACTACGG - 3
3 cgtTTGTCGAT‘GATGCGAATGATGGG - 5

Name Cleavage by PI-Pkol Name Cleavage by PI-Pkoll
---catgTAGATTTTAGATCCCTGTAGCCCTCARGE: --
PPlol gt o EATCTAARATCTAGUGACATGAGGAGT ga——— + PPkO2 L tcgallGICGATGATGCCAATGATGCCate——- +
— — ~—~ta. . CAGCTAGTAG GGTTACTACGGtac——-
pPkotaL2 Bt B a1 oaaan T oon + PPKO2AL2  __p;’ " GTCGAT GATGCCAATGATGCCat g~ +
—_ S --—catg. .. AGCTACTACGGTTACTACGGt ac——-
pPko1AL3 ___I"f T Y YN T T Y - PPKo2AL3  Z_Zovac’ TCGATGATGCCAATGATGCCa te—- +
———catx. ...GCIACTACGGTTACTACGGtac—~~
pPko1aR2 L A e T ot + PPO2ALA  ___otac  CGATGATGCCAATGATGCCate——- +
—--tgea.. ... CTACTACGGTTACTACGGtac--~ -
---catgTAGATTTTAGATCCCTGTACCC. . . . aatt— pPko2ALS5 Catg———
PPO1ARY ZZ_ ot acATCTAAMATCTAGRGACATRRG.  ttaa— + ~aoet.. GATGATGCCAATGATGCCate
— - ———agctAAGAGL‘TACTAGﬁ.GJlAﬂAﬂ,_..u.GL
PPko1ARS ___;g:g},}g,};;;}lﬂlmm e aattu + pPko2AR2 e TTGTCGATRATGCCAATGATS tcgu——— -+
— TTTTAGATCGCTGTAC. . .. .. aatt—— ———agctMé‘AGGTAL‘TAmﬁHAG_LA__._am
pPko1ARE ———frﬁﬂ'}%uumnaﬁmcnG. . ttaa—- - PPKO2AR3 e o TTGTCGATRATGCCAATGAT - toga——— +
~~~8gctAACAGCTACTACRGITAC. . . .. aatt---
PPKO2ARS  ___tcgaITGTCGATGATGCCAATG  ttaa—-—- +
---agctAACAGCTACTACRETIA. . . . . . antt-—- _
PPkO2ARE  ___tcgalTGTCGATGATGCGART ~ ttaa---
5 - taGATTTTAGATGCCTGTACCGE - 3’ 5 - aaGAGCTACTACGGTTACta - 3’
3 - atCTAAAATCTAGGAAGATGGEg - 5’ 3' - tt6TCGATGATGCCAATGat - 5°
19 bp 16 bp
Minimal recognition sequence of PI-Pkol Minimal recognition sequence of PI-Pkoll

Figure 4. The cleavage sites and the minimal recognition sequence®&8RA) and PIPkdl (B). All sequences synthesized, cleavage results and resultant plasmid
names are shown in the figure. Underlined sequences indicate the synthesized oligonucleotides. Upper case charactéstitesivathin recognized sequences
and lower case ones are the bases within restriction enzyme sites at the MCS. Italics mark the sequences that are mobokainggon of the plasmids.

then treated with T4 DNA ligase and used to transteinlicells.  profiles of both inteins from the gel filtration chromatography
Nucleotide sequence analysis was used to determine the naturstudwed that these enzymes were both monomeric. As shown in
cohesive termini generated by endonuclease treatments. Figure 2, the N-terminal sequence of purified Phd was
(Cys)-His-Pro-Ala and that of Fkdl was Ser-lle-Leu-Pro-Glu-
Glu, which are identical to the predicted splicing sites based on the
conserved protein splicing motif2%). Some intron-encoded
pUC19 plasmid containing short oligonucleotides that can bgroteins, termed inteins, are known to have site-specific DNA
recognized and cleaved by either FKd or PIPkdl was endonuclease activity. These intein endonucleases recognize and
prepared. Then the length of the oligonucleotides was gradualtieave their respective intein-less DNA alleles. Indeed, KOD1
shortened from either end to specify the minimum recognitioRl-Pkd and PIPkdl could cleave the DNA regions of the
sequence required for cleavage by each of the intein endonucleasespective intein-less DNA sequences. DNA fragment sizes
generated by cleavage of pUCSS0&bg and PIPkd and byScd

Determination of minimal recognition sequences

RESULTS AND DISCUSSION and PIPkdl were 0.7 and 1.0 kb, respectively, corresponding to the
calculated sizes from the DNA sequence (BigThe nature of the
Purification and endonuclease activities of inteins cohesive ends generated by endonuclease treatment was revealed b

T4 DNA polymerase treatment followed by ligation and nucleotide

When expression of the KOD DNA polymerase gene Conta'”'”gequencmg. The cleavage pattern of botRKel-and PIPkdl is a
each of two intein sequences was induced, both inteins and K%Dprotruding four base overhanging sequence @ig.

DNA polymerase were recovered as mature forms from the

precursor of the KOD DNA polymerase. This implies that prOte”Effects of ion concentrations on endonuclease activities
splicing of KOD DNA polymerase precursors can occi. aoli

even at 37C, even though the gene is derived from thePurified recombinant PPkd and PIPkdl showed superior
hyperthermophilic archaea. Two intein endonucleases were purifitermostability. In particular, AFPkd showed no decrease in
to homogeneity by the method explained above (BigElution  endonuclease activity even after 1 h incubation &4C90he
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The cleavage site of Pl-Froll
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Figure 5. Cleavage of KOD1 chromosomal DNA by Pkel. KOD1
chromosomal DNA and pEJel plasmid DNA (positive control) were
respectively digested witBsp andScd before treatment with Arkdl. Digested

Cleavage of chromosomal DNA by PRkall

As mentioned above, Fkd and PIPkdl cleave the DNA in the
region of the intein-less allele. However, we found the recognition
and cleavage site of Pkdl at the downstream junction between
intein (PIPkdl) and mature KOD DNA polymerase. Cleavage
by PIPkdl at this position could be observed even when KOD1
chromosomal DNA was used (F&).

Since KOD1 cells survive in spite of expression oPRtH, it
is suggested that some mechanism must exist to protect KOD1
chromosomal DNA from digestion by Pkdl. We speculate
that these intein endonucleases may play a role in chromosomal
DNA rearrangement, as has been reported for the intein
endonuclease frons.cerevisiag(14). Further studies will be
necessary to elucidate a protection mechanism against digestion
and the relationship of Pkd and PIPkdl to intein mobilization
and DNA rearrangement.
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