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ABSTRACT

To search for restriction endonucleases, we used
a novel plant-based cell-free translation procedure
that bypasses the toxicity of these enzymes. To iden-
tify candidate genes, the related genomes of the
hyperthermophilic archaea Pyrococcus abyssi and
Pyrococcus horikoshii were compared. In line with
the selfish mobile gene hypothesis for restriction–
modification systems, apparent genome rearrange-
ment around putative restriction genes served as
a selecting criterion. Several candidate restriction
genes were identified and then amplified in such a
way that they were removed from their own translation
signal. During their cloning into a plasmid, the genes
became connected with a plant translation signal.
After in vitro transcription by T7 RNA polymerase,
the mRNAs were separated from the template DNA
andtranslated in awheat-germ-basedcell-freeprotein
synthesis system. The resulting solution could be
directly assayed for restriction activity. We identified
two deoxyribonucleases. The novel enzyme was
denoted as PabI, purified and found to recognize
50-GTAC and leave a 30-TA overhang (50-GTA/C), a
novel restriction enzyme-generated terminus. PabI is
active up to 90�C and optimally active at a pH of

around 6 and in NaCl concentrations ranging from
100 to 200 mM. We predict that it has a novel 3D
structure.

INTRODUCTION

Restriction–modification systems consist of at least two
enzymes, namely, a restriction endonuclease that recognizes
a specific DNA sequence and introduces a double-strand
break, and a cognate modification methyltransferase that
can methylate the same sequence and thereby render it resist-
ant to the cleavage (1). Restriction endonucleases will cleave
foreign DNAs such as viral and plasmid DNA when these
DNAs have not been modified by the appropriate modification
enzyme. It has been believed that the evolution and mainten-
ance of restriction–modification systems have been driven
by the cell’s need to protect itself from infection by foreign
DNA. However, it has been observed that some restriction–
modification gene complexes maintain themselves within
their bacterial host by killing cells that have lost them through
chromosome cleavage (2). This has led to the proposal that
some restriction–modification gene complexes behave as self-
ish genetic elements, similar to viruses and transposons (3,4).

In agreement with the selfish gene hypothesis, there
is increasing evidence for the mobility of restriction–
modification gene complexes, particularly from genome ana-
lysis. Comparison of two genome sequences within the species
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Helicobacter pylori has indicated that various types of genome
rearrangements are associated with the presence of a
restriction–modification gene complex, e.g. the insertion of
a restriction–modification gene complex that involved long
target duplication and the substitution of a restriction–
modification gene homolog adjacent to a large inversion
(5,6). Moreover, comparisons of the genomes of two species
within the same hyperthermophilic archaeon genus, namely,
Pyrococcus abyssi and Pyrococcus horikoshii, revealed that
methyltransferase homolog genes were associated with simple
substitution, transposition and substitution with adjacent
inversion (7). Sequence alignment, analyses of GC contents
and codon usage analyses have also revealed potential cases of
the horizontal transfer of restriction–modification gene com-
plexes between distantly related bacteria [for review, see (4)].
Further supporting such observations are experiments showing
the introduction of large-scale genome rearrangements when
restriction–modification gene complexes are threatened under
laboratory conditions (8,9).

Restriction endonucleases are indispensable tools for bio-
technology and molecular biology, and the discovery of new
specificities and new DNA cleavage characters remains desir-
able. The traditional method used to screen for restriction
endonucleases is to culture individual strains and test their
extracts for the ability to produce specific fragments from
small DNA molecules (10). However, the recent accumulation
of genome-wide sequence information now makes it possible
to search for novel restriction genes by employing bioinform-
atics methods (11,12) [for review, see (13)]. While the restric-
tion endonucleases show little, if any, sequence conservation
and as such are very hard to identify by bioinformatics
approaches, the methyltransferases belong to a conserved
protein family. Therefore, the bioinformatics strategy is to
first identify methyltransferase genes and then search for
their cognate restriction endonuclease genes in the neighbor-
ing open reading frames (ORFs). In addition, since restriction–
modification gene complexes are often associated with a
genome rearrangement, such in silico approaches could
employ apparent genome rearrangement in the vicinity of a
candidate gene as a selection criterion. Further boosting the
validity of this approach is that recently arrived restriction–
modification gene complexes (on the evolutionary time scale)
tend to retain their enzyme activity (12).

After their identification by bioinformatics, candidate
restriction genes are cloned and expressed for use in the
biochemical assay. However, the restriction enzymes are cyto-
toxic when expressed in vivo without appropriate and suffi-
cient methylation on the genome. Various means have been
adopted to overcome this problem, not always with satisfact-
ory results. These include cloning and expression of the cog-
nate methyltransferase and the use of tightly repressible
expression systems (11). The problem is particularly serious
when the restriction enzyme is able to cut the host chromo-
some at numerous sites (e.g. 4 bp cutters), and when the
methyltransferase is of distant descent and cannot be
expressed well in the host.

In this study, we present a novel procedure that bypasses
this problem. This procedure involves synthesizing the restric-
tion enzyme by using wheat-germ extracts (14) (Figure 1). The
procedure has a number of advantages. First, the candidate
ORF is separated from its cis-elements for transcription and

translation in prokaryotes and is instead connected to a
cis-element for translation in plants. This minimizes its expres-
sion during the construction and propagation of the recombin-
ant in the host bacterial cells. In addition, the transcripts
synthesized in vitro are separated from the template DNA for
translation in vitro. This is unlike most other bacteria-based in
vitro protein synthesis systems, in which transcription and
translation are obligatorily coupled and the template DNA
is exposed to the restriction enzymes that are generated.
Finally, the solution resulting from the in vitro translation
can be directly used to assay restriction activity because the
wheat-germ extract contains little, if any, deoxyribonuclease
activity (14).

By employing this in vitro screening method in combination
with in silico screening of the P.abyssi and P.horikoshii gen-
omes, we obtained a novel thermoresistant restriction endo-
nuclease named PabI. It cleaves the sequence 50-GTAC
between A and C (GTA/C) to generate a novel type of
restricted terminus, namely, a 30-TA overhang.

Figure 1. Procedure used to screen for novel restriction endonucleases.
Restriction gene candidates are determined by genome comparison and other
bioinformatics methods. PCR is then performed to amplify each candidate
ORF from the genome of interest. The primers are designed such that the
ORF becomes separated from its promoter and translation signal (SD:
Shine–Dalgarno) sequence. The PCR fragments are then inserted into a plasmid
so that the ORF becomes connected with the T7 promoter and a plant translation
signal. The resulting DNA is subjected to in vitro transcription by T7 RNA
polymerase and the mRNA is isolated and subjected to in vitro translation with
a wheat-germ extract. The solution can then be used directly to assay for
restriction activity.
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MATERIALS AND METHODS

Materials

P.abyssi genomic DNA was provided by Dr Yoshizumi Ishino
(University of Kyushu), who prepared it from the cells donated
by Dr Patrick Fortre (Institut de Genetique et Microbiologie,
France). P.horikoshii genomic DNA was purchased from
ATCC. Escherichia coli K12 strain JM109 (recA1, endA1,
gyrA96, thi, hsdR17 (rK

�mK
+ ), e14� (mcrA�), supE44, relA1,

D(lac-proAB)/F0 [traD36, proAB+, lac Iq, lacZ DM15]) is a gift
from Dr Akio Nomoto (University of Tokyo). pEU3-NII con-
taining omega, a plant translation signal, was obtained from
Toyobo. The plasmid Litmus38i was purchased from New
England Biolabs. Litmus38i has two PabI sites (50-GTAC):
the site located between two NspI sites was removed from
Litmus38i by cleavage with NspI and religation (¼pKI1).
RsaI was purchased from New England Biolabs.

In vitro screening for restriction enzyme activity

The PCR-amplified candidate ORF of the restriction enzyme
gene was inserted into the multiple cloning site of pEU3-NII
and the resulting plasmid was used to transform E.coli JM109.
After overnight culture in 5 ml of Luria–Bertani (LB) medium
at 37�C with shaking, the plasmids were purified with a
Qiafilter plasmid mini kit (QIAGEN) followed by phenol/
chloroform treatment to remove the RNase derived from
the kit. The mRNA used for in vitro translation was transcribed
with Thermo T7 RNA polymerase (TOYOBO). Thus, 5 mg of
template DNA (pEU3-NII inserted with the candidate ORF),
5 ml of the buffer that came with the enzyme, 5 ml of 25 mM
NTPs (Amersham), 40 U of RNase inhibitor (TOYOBO),
150 U of Thermo T7 RNA polymerase and de-ionized
water used to achieve a total volume of 50 ml were mixed
and incubated at 37�C for 4 h. After 2 min of centrifugation
(12 000 r.p.m., 13 400 g at 4�C), the transcribed solution was
loaded onto a MicroSpin G-25 Column (Amersham) equilib-
rated with the buffer mix of the PROTEIOS� (TOYOBO),
and centrifuged (3000 r.p.m., 800 g) at 4�C for 2 min. The
flow-through fraction containing the mRNA was recovered.
Proteins were synthesized from the mRNA preparation by
employing the wheat-germ-based cell-free protein synthesis
kit PROTEIOS� (TOYOBO) by the bilayer method (14). The
procedure used followed the manufacturer’s instructions
except that the volume was changed from 300 to 150 ml,
and the incubation took 24 h at 26�C. Nuclease activity
was tested by incubating at 65�C for 1 h in standard solution
(50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl2 and
1 mM DTT) 0.3 mg of lDNA with 1 ml of either (i) the protein
synthesis buffer after its reaction or (ii) its supernatant after
heat treatment (90�C for 10 min) and centrifugation.

Cloning and expression of PabI

For the PabI gene, the following primers were used:
0105-FOR: 50-ATCCATATGATTCATTTGACTAGTGTA-
GAAGCGAGTG-30 and 0105-REV: 50-CGGGATCCCGTT-
ATGAAGTGCCGATAATACTCCTC-30. The PCR-amplified
PabI ORF was cut with BamHI and inserted into EcoRV- and
BamHI-cut pEU3-NII. Large scales were used in transcription
and translation (3.6 ml) in vitro for purification of PabI.

Prediction of recognition sequence

The protein synthesis solution containing PabI was heated at
90�C and centrifuged to denature and remove the wheat-germ
proteins. The substrate DNA, pUC19 (0.4 mg), was digested to
completion at 85�C for 6 h by the resulting PabI-containing
supernatant in standard buffer. The product DNA was subjec-
ted to 1% agarose gel electrophoresis followed by ethidium
bromide staining. The lengths of the PabI digestion products
were calculated. Possible isoschizomers of PabI were sought
by using REBpredictor, a tool of REBASE (http://rebase.neb.
com/rebase/rebase.html).

Determination of cleavage sites

To determine the exact cleavage position of PabI in the recog-
nition sequence, the primer extension method was used (15).
Thus, single-strand DNA prepared from pUC19 was annealed
with either of the following 33P-labeled primers: primer A,
50-GGCGATTAAGTTGGGTAACGCCAGG-30, or primer B,
50-GGAAACAGCTATGACCATGATTACGCC-30. These
primers bind upstream of PabI sites. A primer extension reac-
tion was performed by using the Klenow fragment (Takara).
The reaction solution was gel-filtrated by using a MicroSpin
G-25 Column (Amersham) followed by phenol/chloroform
extraction to remove the Klenow fragment. The recovered
DNA was then digested with the heat-denatured wheat-
germ products that included active PabI and loaded onto
6% polyacrylamide gel with 8 M urea together with the pro-
ducts of the DNA sequencing reactions from the same primer
and template. DNA sequencing was performed by using the
BcaBEST sequencing kit (Takara) according to the manufac-
turer’s protocol. dc7GTP in the reaction had to be replaced by
dGTP to obtain the exact control with regard to its mobility.

Purification of PabI

The protein synthesis solution containing PabI (3.6 ml) was
heated at 90�C for 15 min and the denatured proteins and
insoluble materials were removed by centrifugation (8000
r.p.m., 8730 g 4�C, 15 min). The PabI protein in the super-
natant was purified by chromatography through Heparin-
Sepharose TM CL-6B (Amersham), which was equilibrated
with 10 mM Tris–HCl (pH 7.5). Fractions were eluted by a
NaCl gradient (0–1.5 M) in 10 mM Tris–HCl buffer. Fractions
containing PabI were determined by SDS–PAGE analysis. The
fractions containing PabI were dialyzed against 10 mM Tris–
HCl (pH 7.5), 200 mM NaCl and 1 mM DTT at 4�C overnight.
Glycerol was then added to the dialyzed PabI solution to a final
concentration of 5% followed by concentration to 150 ml by
Amicon Ultra (Millipore).

Reaction conditions for PabI

The plasmid pKI1 cut with PvuII (TOYOBO) was used as a
substrate for PabI. The cleavage by PabI splits this 2559 bp
long linear DNA into two DNA fragments of 563 and 1996 bp,
respectively. To determine the optimal reaction conditions for
PabI, the following experiments were performed:

(i) Temperature. The purified enzyme and substrate DNA
were incubated for 1 h in the standard buffer at tempera-
tures ranging from 35 to 95�C.
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(ii) NaCl concentration. The purified enzyme and the substrate
DNA were incubated at 85�C for 1 h in the buffer that only
differed from standard buffer in the NaCl concentrations,
which ranged from 0 to 400 mM NaCl.

(iii) pH. The purified enzyme and substrate DNA were incu-
bated at 85�C for 1 h in buffer that only differed from the
standard buffer in the pH determined by 50 mM Tris–HCl
pH, which ranged from pH 4.3 to 7.8 at 85�C.

The cleaved DNAs were separated by electrophoresis
through a 1% agarose gel and visualized with ultraviolet
light after ethidium bromide staining. To determine the
optimal conditions, signal intensities of the product bands
were compared.

Heat resistance of PabI

Purified PabI (8 ng) was heated at 85�C for varying times
ranging from 30 min to 5 h. The enzyme was then used to
cleave 200 ng of linearized pKI1 at 85�C. Restriction activity
was examined 0.5, 1, 2, 3, 4 and 5 h after starting the incuba-
tion. At each time point, 200 ng of the substrate DNA was
added to a portion of the solution, which was incubated at
85�C for 1 h.

RESULTS

In silico screening for candidate restriction enzyme
genes

We searched for restriction enzyme genes in the P.abyssi and
P.horikoshii genomes by using bioinformatics methods. Gen-
erally, restriction enzyme genes do not exhibit significant
sequence similarity to each other or to any other proteins in
the database and it is difficult to find novel restriction enzyme
genes by direct homology searching. However, methyltrans-
ferase genes do share similarities and thus we first searched for
putative modification methyltransferase genes. We selected
the following ORFs as being modification enzyme gene can-
didates: (i) ORFs annotated as putative modification enzymes
in REBASE (http//rebase.neb.com/rebase/rebase.html);
(ii) ORFs with homology to modification enzyme genes and
inferred to be involved in genome rearrangements based on the
comparison of the genomes of P.abyssi and P.horikoshii (7)
and (iii) ORFs in the database GTOP (http://spock.genes.nig.
ac.jp/~genome/gtop.html) hit by key word searching using the
words ‘methylase’, ‘methyltransferase’ and ‘modification’.
From these candidates, those ORFs annotated as RNA methyl-
transferase and protein methyltransferase were excluded. Our
searches yielded 14 candidate modification gene ORFs
(Table 1). Of these, nine were of particular interest since they
appeared to be associated with genome rearrangements (7).

We identified candidate restriction enzyme gene ORFs on
the basis of the following criteria: (i) ORFs located immedi-
ately next to a modification gene candidate or next to its
immediate neighbor, and annotated as having an unknown
function (ii) ORFs located as described in (i) but annotated
as a nuclease, a recombinase, a DNA repair enzyme or a
relative of these proteins or (iii) ORFs predicted by bioinform-
atic methods to show the pattern of secondary structures sim-
ilar to that of known restriction endonucleases (13). From
these ORFs, those shorter than 100 amino acids were

excluded. This resulted in 32 candidate restriction enzyme
gene ORFs (Table 1, right part). For all these ORFs, secondary
structure prediction and protein fold-recognition were carried
out by using the GeneSilico meta-server gateway at http://
genesilico.pl/meta/ (16) (see Table 1 for results).

Expression by a wheat-germ-based cell-free system
and screening for restriction enzyme activity

Each of the candidate restriction enzyme ORFs was amplified
from P.abyssi or P.horikoshii genomic DNA by PCR with a
unique primer pair. In the process (Figure 1), they were
separated from the cis-signals for prokaryotic transcription
(promoter) and translation (Shine–Dalgarno sequence) to min-
imize their in vivo expression in the bacterial host. The PCR
fragments were then inserted into a plasmid vector (pEU3-NII)
downstream of a plant translation enhancer sequence (omega
from Tobacco Mosaic virus) and the T7 promoter. The plas-
mid construct was recovered and propagated in an E.coli strain
lacking T7 RNA polymerase. The template DNA was then
transcribed in vitro by T7 RNA polymerase and proteins were
synthesized from this mRNA preparation by using the wheat-
germ-based cell-free protein synthesis system. This protein
synthesis system uncouples transcription and translation,
which eliminates the possible reduction of expression due
to cleavage of the template DNA by the expressed restriction
enzyme. Because the wheat-germ extract shows little, if any,
deoxyribonuclease activity (14), the products of this system
can be used to directly screen restriction enzyme activity.
Indeed the extract, before and after heat treatment, showed
no detectable deoxyribonuclease activity on lambda DNA
(Figure 2A). The smaller materials at the bottom of gel pho-
tographs in Figure 2 are likely RNA molecules present in the
wheat-germ extract rather than degradation products from
lambda DNA because they are present even in the absence
of lambda DNA (Figure 2A) and because they disappeared by
treatment with RNase A (data not shown).

The synthesized protein solution from each candidate ORF
product was tested for its ability to cleave lambda DNA. In the
first round of trials, five of the ORFs identified by bioinform-
atics, namely, PAB0105, PH0583, PH1305, PH0904 and
PH1033 (see Table 1), were tested because they are associated
with genome rearrangement (7) and, in some cases, bear some
similarity to restriction endonuclease genes. This initial ana-
lysis revealed that the products of PAB0105 and PH0583
cleave lambda DNA (Figure 2B, Table 1, lines shaded). In
a second round of experiments, the other 27 ORFs were tested
(Table 1, lines not shaded). However, no restriction enzyme
activity was detected from this screening.

Purification and characterization of PabI

The product of PH0583 has been characterized earlier as PhoI
(REBASE) (17). However, the product of PAB0105 has not
yet been characterized; we named it PabI because it is, to our
knowledge, the first restriction enzyme from P.abyssi (18). To
determine the recognition sequence and cleavage site of PabI,
the protein synthesis solution containing PabI was heated at
90�C and centrifuged to remove the proteins from the wheat-
germ extract (Figure 3). Later, to determine the optimal reac-
tion conditions and heat resistance of PabI, this solution of
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Table 1. Results of in silico and in vitro screening of restriction enzymes in P.abyssi and P.horikoshii

Modification gene candidates Restriction gene candidates in the neighborhood of the modification gene candidate
Gene
name

REBASEa GTOPb Genome
rearrangementc

Gene
name

Comments Expressiond Activitye

PAB0179 � + + PAB0178 a/b structure, no confident 3D fold prediction,
conserved in Archaea

+ �

PAB2180 Recombinase-related (GTOP), (KaiC family
member, RecA-like ATPase)

+ �

PH0186 Recombinase-related (GTOP), (KaiC family
member, RecA-like ATPase)

+ �

PH0284 Recombinase-related (GTOP), (KaiC family
member, RecA-like ATPase)

+ �

PAB0284 � + � PAB2059 a/b structure, no confident 3D fold prediction,
conserved in Archaea

+ �

PAB2060 Cys-rich protein, a/b structure, no confident
3D fold prediction

� NTf

PAB0285 Transmembrane protein � NT

PAB0588 + + + PAB0589 Predicted ATPase (AAA+ superfamily) + �
PAB0590 a/b structure, no confident 3D fold prediction,

conserved only in Pyrococci and Thermotoga
+ �

PAB0591 Predicted ATPase (AAA+ superfamily) with
C-terminal extension

+ �

PAB1779 Domain of unknown function (DUF365). Highly
charged protein.

+ �

PAB1780 PUA domain, predicted to be involved in RNA
binding

NT NT

PAB1205 + + � PAB1143 Fe-S oxidoreductase, radical SAM superfamily + �
PAB1144 Predicted sugar kinase (ribokinase-like superfamily) + �

PAB1257 � + + PAB1256 N-terminus mainly b, C-terminus mainly a, no
confident 3D fold prediction

� NT

PAB1258 Low GC content (CGATg), N-terminal
transmembrane domain, C-terminal ARM repeats

� NT

PAB1283 + + � PAB1281 Mechanosensitive ion channel + �
PAB1282 All-b protein with an N-terminal transmembrane

helix,
� NT

PAB1284 RecJ-like exonuclease (GTOP) + �
PAB1719 � + � PAB0658 Transmembrane domain with unknown function � NT

PAB0660 All-a protein of unknown 3D fold + �
PAB0661 Protein with two predicted transmembrane helices � NT

PAB2149 + + + PAB2150 Type I restriction enzyme S subunit (GTOP,
REBASE)

+ �

PAB2154 Type I restriction enzyme R subunit (GTOP,
REBASE)

� NT

PAB2246 + + + PAB0105 a/b structure, no confident 3D fold prediction,
No similarity to known nucleases, Low
GC content (CGAT)

1 1

PAB2317 + + � PAB2314 Contains a ribosomal protein S1-like domain
predicted to be involved in RNA binding

+ �

PAB2315 a/b structure, no confident 3D fold prediction,
conserved in Archaea

+ �

PAB2316 DNA-directed RNA polymerase, subunit L + �
PH0584 + + + PH0583 Predicted member of the PD-(D/E)XK

superfamily of nucleases
1 1

PH0905 + � + PH0904 Small protein, a/b or all-a structure, no confident
3D fold prediction

+ �

PH1032 + + + PH1033 PUA domain, predicted to be involved in
RNA binding

+ �

PH1304 � + + PH1305 Predicted small-molecule methyltransferase + �

Left part (columns 1–4): Candidate modification enzyme genes were sought by bioinformatics methods in the published genome sequences of P.abyssi and
P.horikoshii.
Right part (columns 5–8): ORFs that neighbored one of the modification enzyme gene candidates and were annotated as unknown were selected as candidates for
restriction enzyme genes. The restriction enzyme activities of their products were assayed on lambda DNA after their expression in a wheat-germ cell-free protein
synthesis system.
The restriction gene candidates in the gray boxes were selected for the first round of screening, while the remainder were used in the second round. Those restriction
genes in bold fonts (PAB0105, PH0583) were found to be active.
aListed as a putative modification gene in REBASE.
bHit by keyword searching in GTOP.
cAssociated with a putative genome rearrangement (7).
dProtein expression in the wheat-germ cell-free system as detected by SDS–PAGE and CBB (Coomassie Brilliant blue) staining.
eLambda DNA was cleaved by the putative restriction enzyme.
g‘CGAT’ indicates ‘based on CGAT’ (32).
f‘NT’ indicates not tested.
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PabI was further purified by using a Heparin–Sepharose col-
umn (Figure 3).

In order to determine the recognition sequence of PabI,
pUC19 was digested with PabI. Its recognition sequence
was predicted as the same as that of RsaI, namely, 50-
GTAC (19). Indeed, the DNA digestion patterns of pUC19,
pBR322 and phiX174 with PabI and RsaI turned out to be
indistinguishable (Figure 4). PabI cleavage site was also deter-
mined to be between the A and C of the recognition sequence
(GTA/C) (Figure 5A and B). The cleavage site of PabI differs
from that of RsaI. Thus, PabI represents a neoschizomer of

RsaI (Figure 5C). According to REBASE, PabI is the first
restriction enzyme that produces a 30 overhang of TA.

Heparin-purified PabI was employed in a series of reactions
to determine its optimal reaction conditions. This revealed the
optimum pH to be about 6 and the optimum NaCl concentra-
tions to range between 100 and 200 mM at 85�C. It was active
from 60 to 90�C with apparent maximum at 85�C (Figure 6A).
It retained approximately half of its activity after 1 h of incuba-
tion at 85�C (Figure 6B).

DISCUSSION

Use of wheat-germ-based cell-free protein synthesis for
restriction enzyme screening

Our results demonstrated how powerful the wheat-germ-based
cell-free protein synthesis system is in the search of a novel

Figure 4. PabI and RsaI both cut at 50-GTAC and show identical restriction
patterns. The PabI- or RsaI-cleaved DNA substrates pUC19, pBR322 and
phiX174 were separated by electrophoresis through a 1% agarose gel and
visualized under UV light after ethidium bromide staining. Marker: perfect
DNA markers, 0.1–12 kb (Novagen).

Figure 2. Detection of restriction enzyme activity in the cell-free translation products. (A and B) The mRNA synthesized in vitro was added to wheat-germ-based
in vitro translation reaction. In the indicated cases, the solution was heated at 90�C for recovery of supernatant of low-speed centrifugation. Its aliquot was incubated
with lambda DNA at 65�C for 1 h. The digests were run through 1% agarose and visualized with ethidium bromide and ultraviolet irradiation. Marker: perfect DNA
markers, 0.1–12 kb (Novagen).

Figure 3. Purification of PabI. The purification steps were monitored by SDS–
PAGE electrophoresis. Marker, the protein size markers [Prestained SDS–
PAGE Standards Low Range (BIO-RAD)]; total, wheat-germ-based cell-free
protein synthesis solution containing expressed PabI; heated sup., the protein
synthesis solution after its treatment at 90�C and low-speed centrifugation;
purified PabI, the heated supernatant after Heparin–Sepharose column chro-
matography.
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restriction enzyme. This is likely to be due to three features of
this system. First, this method can be used to express proteins
that are cytotoxic to the bacteria. Initially, we sought to
express PabI in E.coli with pLT7K, which has been construc-
ted to tightly repress the expression of cloned genes until their
induction with isopropyl-b-D-thiogalactopyranoside (11).
However, E.coli transformants were not obtained with
pLT7K ligated with the PabI gene. This is presumably because
of the residual activity of this 4 bp cutter at 37�C on E.coli

chromosome. The PabI gene was successfully cloned into the
pEU3-NII expression vector in E.coli. This suggests that
expression of PabI is repressed more tightly on pEU3-NII
than on pLT7K in E.coli at 37�C. This is probably because
the cis-signal for its translation is replaced by a plant trans-
lation enhancer, which shows only low activity in E.coli (20).
This suggests that our strategy is worth trying for restriction
enzymes active at 37�C. Furthermore, if the template restric-
tion enzyme gene is prepared by PCR in vitro rather than by
cloning in vivo, the cytotoxicity, if any, would not represent
any obstacle at all in its expression, identification or charac-
terization. This completely in vitro approach reported for other
proteins (21) should be applicable to screening of any sort of
restriction endonucleases, either thermophilic, mesophilic or
cryophilic and other deoxyribonucleases.

The second advantage of the wheat-germ-based cell-free
protein synthesis is that it is especially suited to expressing
deoxyribonucleases because it is uncoupled from the transcrip-
tion system and can take place in the absence of the template
DNA. In bacterial systems, where translation is coupled to
transcription, the restriction gene product could attack its
gene, thereby repressing its transcription and translation.
For example, in an E.coli transcription–translation coupled
system, linearized template DNA reduces b-gal synthesis by
35%, even when the recB-deletion strain was used to prepare
the cell extract (22).

The third advantage of the system we used is that since the
wheat-germ extract contains little deoxyribonuclease activity,
if any (14), it is possible to directly use the product solution,
without a long purification step, for assaying restriction
enzyme activity and even for determining the recognition
sequence. In the case of the thermo-resistant restriction
enzyme PabI, we were also able to determine the cleavage
site by using the supernatant of the product solution after it was
heated.

Figure 5. Cleavage sites of PabI. (A and B) Gel electrophoresis of the primer
extension reaction followed by RsaI or PabI digestion. The cleavage positions
were determined by comparing the product bands with sequence ladders run in
parallel. (C) The recognition sequence and the cleavage positions of PabI and
RsaI.

Figure 6. Thermoresistance of PabI. (A) DNA cleavage activity of PabI at different temperatures. Linearized pKI1 was cleaved with PabI for 1 h at the specified
temperature. RsaI: DNA cleaved with RsaI. PabI is active at temperatures ranging from 60 to 90�C. Although its activity increased at temperatures ranging from 60 to
85�C, the substrates and product DNAs seem to be altered at higher temperatures (90 and 95�C). (B) Heat resistance of PabI at 85�C. PabI was pre-heated at 85�C for
the indicated duration and then used to cleave linearized pKI1 at 85�C for 1 h. The DNA products were separated through a 1% agarose gel and visualized under UV
light after ethidium bromide staining. RsaI: DNA cleaved with RsaI.
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Sequence analysis and structure prediction of PabI

In our initial in silico screening, we focused on ORFs that were
annotated as unknown in that they lacked detectable sequence
similarity with any known genes. A reasonable expectation
from this strategy is that we might encounter a protein of novel
structure.

Sequence searches of databases at NCBI (non-redundant,
unfinished genomes and environmental sequencing) and
REBASE revealed only one intact homolog of PAB0105
(PabI), that is jhp0455 from H.pylori J99 (expectation value
2 · 10�14, 28% amino acid sequence identity to PAB0105)
(Figure 7). Its close homolog (90% sequence identity) was
found disrupted (HP0504 and HP0505) in H.pylori 26695.
Another incomplete sequence of a PabI homolog (hypothetical
protein CUP0001 truncated at the N-terminus) was identified
in the genome of Campylobacter upsaliensis RM3195
(Figure 7).

The pattern of predicted secondary structures (Figure 7)
deviated strongly from that observed in PD-(D/E)XK-
superfamily nucleases (23) as well as in other known nuclease
folds, including HNH, GIY-YIG, or PLD/Nuc [review (24)].
Analysis of the predicted structures and sequence conservation
between PabI and jhp0455 suggests that the following residues
of PAB0105 may be important for catalysis and/or DNA bind-
ing: K30, R32, K34, E63, Q65, E77, R117, K152, Q155, Q161,
E199, K202, H211 and D214.

We sought to predict the 3D fold of PabI by using the fold-
recognition approach [review (13)]. However, it failed to
reveal any reliable matching to any known protein structures.
Moreover, preliminary de novo folding simulations (data not
shown) revealed a two-domain structure that did not resemble
any of the known restriction endonuclease structures. Thus,
PabI is an interesting candidate for experimental structure
determination, as it may exhibit a novel tertiary fold or a
very unusual variation of one of the known folds.

Search for restriction enzyme genes by systematic
genome sequence comparison of related bacterial
species within the same genus

Restriction genes are specific to particular strains of the
same species of bacteria. Sequencing revealed that their

chromosomal loci are not occupied by them in the other strains
(25–28). Systematic comparison of many restriction–
modification systems between two strains of H.pylori with
known genome sequences revealed that strain-specific restric-
tion genes tend to be active (12). Genome-wide comparison
of these two genomes revealed their linkage with genome
rearrangements (6).

Our results in this paper further demonstrate that the screen-
ing for restriction enzymes can be greatly facilitated by
systematic comparison of genome sequences of less related
bacteria—between different species within a genus.

The success of the genome comparison method we used is
probably due to the nature of the restriction–modification gene
complexes as mobile genetic elements. Since early genome
comparisons revealed restriction–modification gene com-
plexes are associated with large-scale genome polymorphisms
(3,5,6,12), we used large-scale genomic rearrangements in the
vicinity of a putative restriction–modification system as a
screening criterion.

Horizontal transfer of PabI restriction–modification
system

Indeed, our results further support the concept that restriction–
modification gene complexes act as mobile genetic elements
in a broad sense (3) because comparison with P.horikoshii
suggested the region containing the PabI restriction gene
and its putative cognate modification gene, PAB2246, appears
to be inserted into the P.abyssi genome (7). The GC content of
the inserted region is lower than that of the rest of the P.abyssi
genome (7).

The Helicobacter homologs of PabI (jhp0455 in J99
and HP0505/HP0504 in 26695) are linked with a homolog
of this putative M.PabI (jhp0454 and HP0502) (29). These
gene complexes are probably related to PabI/PAB2246
restriction–modification system in evolution through vertical
and horizontal transfer (3,4).

They might also recognize (or have recognized) 50-GTAC
as PabI. This sequence is much less abundant in H.pylori
genomes than expected (REBASE, http://tools.neb.com/
~vincze/cutfreq/GTAC.html). Such restriction avoidance in
these genomes might reflect selection by attack by these

SS           ------EEEEEE----EEEEEEE-------EEEEEE------EEEEE--------------EEEEEEEEE--------------------

R.PabI       MIHLTSVEASVSFENGKIVVRLPITRPTSKIRVKKIEN--GVGIPVSTRKKSFPSDENLRDYYIEWQISYARDG----------------

jhp0455      -----MSLIKVSGDKKVIEVSIPLTSISGKARVKIRHAFSDYGISTATRKIPF-----SLKHYVEWQIGYDVPIKDKEKFELTTLKDEKY

HP0504+0505  -----VSLIKVSGDKKAIEVSIPLTSILGKVRVKIRHAFSDYGISTATRKIPF-----SLKHYVEWQIGYDVPIKDKEKFELTTLKDEKY

SS           ------------HHHHHHHHHHHH-----HHHHHHHHHH-HHHHHHHH-----------------------HHHHHHHHH-------EEE

R.PabI       ---------KYDYELSRMVRLAHEHGILTYNDIYELLKFADDVKSYLED-KGIRRESTNEELYG---FNIYEDVYPVAKKELPS-GEFIG

jhp0455      HFLGANNKVKTLYELSEMIYYAKRLGLISLENLENTLKFLEKQKQFIEDNFMITRERFRSHQFGGMDFELSRISYPLLIHSFDD-NELSE

HP0504+0505  HFLGANDKVKTLYELSEMIDYAKQLGLISLENLENTLKYLKKQKQFIEDNFMITRERFRSHQFGGMDFELSRISYPLLIHSFDD-NELSE

CUP0001      ---------------------------MAFLQNINDDEFLDSR-----SDLQILRSHPISKNILGVEFYESQVKYPLLVHKFNHFDVLIE

SS           EEEEE-------EEEEEEEE--------HHHH-----------EEEEE--HHHHHHHHHHHHHHHH--HHHHHHHHHHHH---

R.PabI       IVLKHKQRAVGYQSMVYVCIPLTNV--EPSLAGRVARR---NEVVKYEVPVDLMKELLKAFIIASETHKNDIVKFLRSIIGTS

jhp0455      IVIKEQQYGSKTQAMLYFCFSILELKTATPLLNRTAMPKEHALLIIHETNALVFLEMLKIFGLLSQVHHNDVLKILEKILQN-

HP0504+0505  IVIREQQYGSKTQAMLYFCFSILELKTATPLLNRTATLKEHAFLTIHKANAPMFLEMLKIFGLLSQAHHSDVLKILEKILQN-

CUP0001      IIIKEKQRAVGVQPMLYVCFPITELHCSPTLLGRVAESKECGLLILDSKDKNFLLEIFKIFGMLSKNHNYDVCEIVKIIKE--

Figure 7. Sequence alignment of PabI with its homologs. Amino acid residues are colored according to their physico-chemical properties (green, aliphatic and
aromatic; magenta, polar; blue, positive; red, negative; yellow, glycine and proline). The conserved residues are shaded. SS indicates the consensus secondary
structure prediction [E: extended (b), H: helical (a) conformation].
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restriction–modification systems as proposed for other cases
(30,31).

SUMMARY

The restriction endonucleases in the genomes of P.abyssi and
P.horikoshii were screened by a combination of genome com-
parison and the use of a plant-based uncoupled in vitro protein
synthesis system. One of the restriction endonucleases that
were identified was PabI, a novel thermophilic restriction
enzyme that cleaves 50-GTAC and leaves 30-TA overhangs.
Since restriction enzymes that leave such an end have not yet
been reported, this enzyme may be useful in biotechnology.
This novel screening procedure would be useful in the search
for additional novel restriction enzymes, deoxyribonucleases
and other such cytotoxic proteins in general.
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