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ABSTRACT

N.BsiNBI is a nicking endonuclease that recognizes
the sequence GAGTC and nicks the top strand pref-
erentially. The Type lls restriction endonucleases
Plel and Miyl also recognize GAGTC, but cleave both
DNA strands. Cloning and sequencing the genes
encoding each of these three endonucleases
discloses significant sequence similarities. Mutagen-
esis studies reveal a conserved set of catalytic resi-
dues among the three endonucleases, suggesting
that they are closely related to each other. Further-
more, Plel and Mlyl contain a single active site for
DNA cleavage. The results from cleavage assays
show that the reactions catalyzed by Plel and Miyl are
sequential two step processes. The double-stranded
DNA is first nicked on one DNA strand and then
further cleaved on the second strand to form linear
DNA. Gel filtration analysis shows that Miyl dimer-
izes in the presence of a cognate DNA and Ca?
whereas N.BsiNBI remains a monomer, implicating
dimerization as a requisite for the second strand
cleavage. We suggest that N.BstNBI, Myl and Plel
diverged from a common ancestor and propose that
N.BsiNBI differs from Myl and Plel in having an
extremely limited second strand cleavage activity,
resulting in a site-specific nicking endonuclease.

INTRODUCTION

Restriction endonucleases are enzymes that recognize and
cleave specific DNA sequences. Usually there is a corre-
sponding DNA methyltransferase that methylates and thereby
protects the endogenous host DNA from digestion by the
accompanying restriction endonuclease. More than 3000
restriction endonucleases with over 200 different specificities
have been isolated (1), and are classified into three groups:
Types I, II and III. Type II and Type Ils restriction enzymes
cleave DNA at a specific position, and therefore are useful in
genetic engineering and molecular cloning (2). Type II
enzymes, such as EcoRI and EcoRV, recognize palindromic
sequences and cleave both strands symmetrically within their
recognition sequences. Type IIs R—-M systems differ from the
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Type II systems in that they recognize an asymmetric sequence,
and the Type IIs endonucleases cleave DNA on one side of the
recognition sequence at a defined distance usually >20 bp (3).

Fokl is the only well-characterized Type IIs endonuclease.
Proteolytic studies showed that Fokl contains two separate
domains, one for DNA recognition and one for cleavage (4).
Based on the two-domain theory, several Fokl-based chimeric
endonucleases have been constructed by linking the DNA
binding domains of other proteins to the Fokl cleavage
domain, and these chimeric endonucleases can introduce
double strand breaks into DNA near the recognition sequence
specified by the DNA binding protein (5). Fokl has been
shown to exist as a monomer in solution (6) and to bind DNA
as a monomer (7). Researchers speculated that Fokl has two
catalytic centers and that each cleaves one DNA strand.
However, mutational analysis (4) and the three-dimensional
structure of Fokl with bound DNA shows that there is only one
catalytic center (8). How does monomeric Fokl cleave both
DNA strands using a single catalytic center? A more recent
crystal structure of Fokl reveals a dimerization interface
between the catalytic domains (9), and biochemical data
strongly suggest that dimerization of Fokl endonuclease is
required for DNA cleavage (10). It is proposed that Fokl binds
to DNA as a monomer and dimerizes with a second FoklI mole-
cule when it reaches its recognition sequence (10). Double-
stranded cleavage occurs following dimerization.

There are some proteins that cleave only one DNA strand
and therefore introduce a nick into DNA. Most of those
proteins are involved in DNA replication, DNA repair and
other aspects of DNA metabolism (11). For example, the gpll
protein of bacteriophage fI recognizes and binds to the origin
of replication. It introduces a nick in the plus strand, which
initiates rolling circle replication, and is also involved in circu-
larizing the plus strand to generate single-stranded circular
phage DNA (12,13). A second example is the MutH protein,
involved in DNA mismatch repair in Escherichia coli. MutH
binds the sites of dam methylation (GATC), where it forms a
protein complex with a nearby MutS, which has bound to a
mismatch. The MutL protein facilitates this interaction and
triggers single-stranded cleavage by MutH at the 5" end of the
unmethylated GATC site. The nick is then translated by an
exonuclease to remove the mismatched nucleotide (14).
Another example is E.coli endonuclease V, which recognizes
and introduces nicks into DNA containing deoxyinosine,
deoxyuridine and base mismatches (15).
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Figure 1. Recognition sequences and gene organizations of N.BstNBI, Plel
and Miyl R-M systems. The recognition sequence, GAGTC, is highlighted in
bold, and cleavage sites are indicated by small arrows. Open boxes represent
the ORFs and their directions are indicated by arrows. Endonuclease genes are
shown in black and methyltransferase genes are shown in white. The size of
each gene is indicated under the gene.

Recently, we have purified a nicking endonuclease,
N.BstNBI, from the thermophilic bacterium Bacillus stearo-
thermophilus (16). N.BstNBI is an isoschizomer of N.BstSEI,
which has not been cloned (17). Unlike gpll, MutH and endo-
nuclease V, N.BstNBI behaves like a restriction endonuclease.
It recognizes a simple asymmetric sequence, 5-GAGTC-3’,
and cleaves only one DNA strand, 4 bases away from the 3’
end of its recognition site (Fig. 1A). Two Type Ils restriction
endonucleases, Plel (Fig. 1B) and Myl (Fig. 1C), recognize
the same GAGTC sequence. These three endonucleases seem
to be related to each other. They all act as a single polypeptide
(unpublished observations). They all recognize the same DNA
sequence. Their cleavage patterns are also similar: N.BsfNBI
and Plel cleave at the same position on the top strand and Plel
and MDI cleave at the same site on the bottom (Fig. 1). To
further investigate the unique properties of this nicking endo-
nuclease, we have cloned and sequenced the genes encoding
N.BstNBI as well as the two related Type IIs endonucleases,
Plel and Mlyl. We have also identified amino acid residues
involved in DNA cleavage in each endonuclease and explored
the DNA cleavage mechanism of these enzymes.

MATERIALS AND METHODS

Bacterial strains

The nicking endonuclease N.BstNBI was originally isolated
from the thermophilic bacterium B.stearothermophilus (NEB
928). Type IIs restriction endonucleases Plel and MIyl were
isolated from the mesophilic bacteria Pseudomonas lemoignei
and Micrococcus lylae, respectively. The E.coli strains
ER2566 and ER2502 were obtained from E.Raleigh and
M.Sibley (New England Biolabs, Beverly, MA) and used as
host strains for cloning and expressing endonuclease genes.

Purification of nicking endonuclease N.BstNBI

The N.BstNBI endonuclease protein was purified to near
homogeneity by seven chromatography steps. (i) Bacillus
stearothermophilus cells (177 g) were resuspended in 530 ml
of buffer A (20 mM KPO,, 7 mM 2-mercaptoethanol, 0.1 mM
EDTA, 5% glycerol, pH 6.9) supplemented with 100 mM
NaCl. The cells were broken with a Manton—Gaulin homo-
genizer. The extract was centrifuged at 22 000 g for 10 min at
4°C. All of the following procedures were performed on ice or
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at 4°C. The supernatant was loaded onto a 275 ml XK 50/14
fast flow Phosphocellulose column (Whatman International
Ltd, Kent, UK) equilibrated with buffer Al (buffer A plus
100 mM NaCl). The column was washed with 550 ml of
Buffer Al, and then eluted with a 2750 ml linear gradient of
0.1-1 M NaCl in buffer A. N.BstNBI restriction activity was
assayed by digestion of T7 phage DNA at 55°C in Ix
N.BstNBI buffer [150 mM KCI, 10 mM Tris—HCl, 10 mM
MgCl,, 1 mM dithiothreitol (DTT), 100 pg/ml bovine serum
albumin (BSA), pH 8.0]. N.BsfNBI activity eluted around
0.2 M NaCl. (ii) Active fractions were pooled and dialyzed
against 100 mM NaCl-supplemented buffer B (20 mM Tris—
HCIL, 0.1 mM EDTA, 7 mM 2-mercaptoethanol and 5% glyc-
erol, pH 8.0). The dialyzed pool was then diluted with buffer B
to a final concentration of 50 mM NaCl and applied to a 22 ml
HR 16/10 Source™ 15Q column (Pharmacia Biotech, Piscat-
away, NJ) equilibrated in buffer B1 (buffer B plus 50 mM
NaCl). The column was washed with 44 ml of buffer Bl
followed by a 220 ml linear gradient of 50-800 mM NaCl in
buffer B. The majority of the restriction enzyme activity
flowed through the column. (iii) The active fractions in the
flowthrough and wash fractions were combined and loaded
onto a 23 ml HR 16/10 Heparin TSK-guard gel SPW (20 um)
column (TosoHaas, Montgomeryville, PA), which had been
equilibrated with buffer B2 (buffer B plus 100 mM NacCl). The
column was washed with 46 ml of buffer B2 and then eluted
with a 230 ml linear gradient of 0.1-1 M NaCl in buffer B.
Activity was found in the fractions containing ~550 mM NaCl.
(iv) Active fractions were loaded onto an 8 ml HR 10/10
Source™ 15Q column equilibrated with buffer B1. The
column was washed with 16 ml buffer B1 and then eluted with
a 120 ml linear gradient of 50-800 mM NaCl in buffer B. The
majority of the activity was detected in the flowthrough, wash
and the beginning of the gradient. (v) The flowthrough and
wash fractions were combined and applied to a 23 ml HR 16/
10 Heparin TSK column in buffer B2 and eluted as discussed
in step iii. (vi) Active fractions were applied to a third 23 ml
HR 16/10 Heparin TSK column equilibrated with buffer A2
(buffer A plus 50 mM NaCl). The column was washed with
46 ml of buffer A2 followed by a 460 ml linear gradient of
0.05-1 M NaCl in buffer A. The peak of the enzyme activity
eluted at ~630 mM NaCl. (vii) Active fractions were diluted to
50 mM NaCl in buffer A and then loaded onto a 1 ml
Resource™ 15S (Pharmacia Biotech, Piscataway, NJ), which
had been previously equilibrated with buffer A2. The column
was washed with 2 ml buffer A2 and eluted with a 20 ml linear
gradient of 0.05—-1 M NaCl in buffer A. Twenty fractions were
collected. The majority of the activity was found in fractions
13—-19 with the most activity being in fraction 15. N.BstNBI
was purified to ~80% homogeneity.

Determination of protein sequence of N.BstNBI

Purified N.BsfNBI was subjected to electrophoresis and elec-
troblotted onto a membrane (18). The membrane was stained
with Coomassie blue R-250 and a protein band of ~70 kDa was
excised and subjected to sequential Edman degradation (18).
The first 31 residues of the 72 kDa protein band corresponded
to M-A-K-K-V-N-W-Y-V-S-C-S-P-W-S-P-E-K-I-Q-P-E-L-
K-V-L-A-N-F-E-G. A 6 kDa polypeptide fragment was
purified after digesting the 72 kDa N.BsfNBI endonuclease
with cyanogen bromide. The amino acid sequence from the
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Figure 2. Sequence comparison between the three endonucleases in this study. Identical residues are shown as white on black, and conservative replacements are
black on gray. 1, Plel (GenBank accession no. AF355461); 2, Miyl (GenBank accession no. AF355462); 3, N.BstNBI (GenBank accession no. AF329098). Con-

served, negatively charged residues are indicated by circles.

N-terminus of the 6 kDa polypeptide fragment was M-X-I-P-
Y-E-D-F-A-D-L-G.

Cloning the N.BstNBI R-M system genes

Degenerate  primers  (5-TGGCNAARAARGTNAAYT-
GGTA-3" and 5-TCNGCRAARTCYTCRTA-3") were
designed based on both the N-terminal and internal amino acid
sequences. These primers were used to amplify the N.BstNBI
endonuclease gene (n.bstNBIR) using PCR. The resulting
1.4kb PCR fragment was cloned into plasmid pCABI16
(L.Greenough and W.Jack, New England Biolabs) and
sequenced. To clone the entire n.bstNBIR gene, a chromosome
walking technique via inverse PCR was adopted to amplify
DNA adjacent to the original 1.4 kb endonuclease gene frag-
ment (19,20). After two rounds of inverse PCR, the entire
n.bstNBIR gene and its corresponding methyltransferase gene,
n.bstNBIM, were obtained.

Cloning the Plel R-M system genes

The M gene of Plel R-M system was cloned on a 1 kb Sau3Al
partially digested fragment of P.lemoignei DNA by selecting
for protectively modified, Plel-resistant plasmid recombinants
using the methylase selection method (21). The adjacent R
gene, plelR, was cloned by chromosome walking as described
above.

Cloning the Milyl R-M system genes

The M gene of the Mlyl R-M system was cloned in a 1.4 kb
Apol partially digested fragment using the methylase selection
method similar to the Plel. The adjacent R gene, mlyIR, was
also cloned by chromosome walking.

Sequence comparison

The deduced amino acid sequences of Plel, Mlyl and
N.BstNBI endonucleases were compared using GAP, PILEUP
and PRETTYBOX programs (Genetic Computer Group,

Madison, WI). Gap creation penalty was 8 and gap extension
penalty was 2.

Construction of cleavage-deficient endonucleases

Based on sequence comparisons of Plel, Myl and N.BstNBI
endonucleases, seven conserved negatively charged residues
(Fig. 2) were identified as potential catalytic residues and were
changed into alanine by PCR site-directed mutagenesis (22).
The primers are listed in Table 1.

DNA binding assay

This experiment was carried out by incubating DNA substrates
with the catalytic mutants of Mlyl and Plel as well as the wild-
type Mlyl and Plel as controls. The DNA substrate was
prepared by digestion of plasmid pNB1 with restriction endo-
nucleases BssS1 (two sites) and BsrFI (one site). Three DNA
fragments, 584, 794 and 1067 bp, were produced from the
digestion of pNB1. Only the middle 794 bp fragment contains
the recognition sequence for MIyl and Plel. Crude cell extracts
(1 wl) which contain various amounts of N.BstNBI, Plel, MIyl
and their mutant variants (Figs 3 and 4) were incubated with
~0.25 pmol of the BssSI-BsrFI digested pNB1 at 37°C for
5 min in 50 mM potassium acetate, 20 mM Tris—acetate pH
7.9, 10 mM CaCl,, I mM DTT. The samples were analyzed on
an agarose gel. The same experiment was carried out with
N.BstNBI at 55°C in 10 mM Tris—HCI, 150 mM KCI, 10 mM
CaCl,, 1 mM DTT.

DNA cleavage assay

The DNA cleavage activities of nicking endonuclease
N.BstNBI and its mutant variants were assayed by incubating
various amounts of protein at 55°C in 50 pl of N.BsfNBI reac-
tion buffer (150 mM KCI, 10 mM Tris—HCI pH 7.5, 10 mM
MgCl,, 1 mM DTT) containing 1 ug of bacteriophage T7 DNA
or plasmid pNB1 (16). The DNA cleavage activities of the Plel
or Myl endonucleases and of their mutant variants were
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Table 1. Oligodeoxyribonucleotides used for PCR-mediated mutagenesis

Enzyme Residue Forward oligonucleotides
N.BstNBI D389A AACTTGAAGAAGTCATTGCTCTTCTTGAGGTATATCATGA
E392A AGTCATTGACCTTCTTGCAGTATATCATGAGAAAAAGAAT
E418A AAATACTGTATTTGCCTGGCTTACGTGGAATGGCTTC
D441A AAACAACTTCGTTATTGCAGAAGAGTTACAACCAGTTA
D456 GCCGCAGGTAACCAGCCTGCCATGGAAATTATATATGAAG
E469A ACTTTATTGTTCTTGGTGCCGTAACAACTTCTAAGGGAGC
E482A AACCCAGTTTAAGATGGCGTCAGAACCAGTAACAAGGCAT
Plel D355A GTTATACGAAGCCATTCAAGAGGTTTTTG
E358A GAAGACATTCAAGCGGTTTTTGAGAAG
E377A ATTGATGCTTGCCTGGAATACATGG
D399A AAATTTGAAATTTGCGGATTTTGGAAGT
D414A GGAAATATGCCAGCTATAGTGTGTG
E422A AGTTGTCTGTAGCTGTCACAATGGC
E440A AATATGAAATGGCAGGTGAGCCAGTC
Mlyl D359A CTTAGATCTGATATTGAAGCTATTTTAGACGTCTTTGC
D363A GATATTTTAGCCGTCTTTGCAAAAA
E380A GTTCCTTTATTCCTTGCATGGAATATATGG
D403A GGAACTTCATTGTAGCTTTAGATGGAAT
D418A CAGGTAAGAAGCCTGCTATAGAAATTGGT
E430A ATCTTTTTCATGCATTGTTGCAGTAA CTATGTCATCAGGG
E444A CTCAATTTAATATGGCGGGGTCTTCTGTT’

Both strands were synthesized and the forward sequences are shown in the 5’—3 orientation. The targeted codons are under-

lined.

assayed by incubating various amounts of protein in the
standard Mlyl—Plel reaction buffer (50 mM potassium acetate,
20 mM Tris—acetate, 10 mM magnesium acetate, ImM DTT,
100 pug/ml BSA, pH 7.9) containing 1 pug of (N6-methylade-
nine free) bacteriophage A DNA (A DNA) or plasmid pNB1,
for 1 h at 37°C. The reactions were then terminated by addition
of 12.5 pl of stop solution [1% sodium dodecyl sulfate (SDS),
0.05 mM EDTA, 30% glycerol, 0.025% bromophenol blue],
and reaction products were analyzed by electrophoresis on a
1% agarose gel.

Gel filtration

The gel filtration experiment was performed on a Amersham
Pharmacia Akta FPLC system using a Pharmacia Superdex
200 HR 10/30 column. The column was equilibrated with a
buffer containing 20 mM Tris—HCI pH 7.5, 150 mM NaCl, 10
mM CaCl,, 0.1 mM EDTA, 7 mM 2-mercaptoethanol, 5%
glycerol. Protein elution was detected by recording the absorp-
tion at A = 280 nm. The calibration curve was generated by
using the calibration kits (low and high molecular weight)
from Pharmacia. Purified Myl (4 nmol) was mixed with
40 nmol of either non-specific or specific DNA duplexes,
which were generated by annealing two complementary oligo-
deoxynucleotides (27mer) in a buffer containing 50 mM potas-
sium acetate, 20 mM Tris—acetate pH 7.9, 10 mM calcium
chloride, I mM DTT. The samples were incubated for 5 min at
37°C before being loaded onto the column. As a control the
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Figure 3. Gel retardation assay with the nicking enzyme N.BstNBI and its var-
iants. Lane 1, three DNA fragments, 1067, 794 and 584 bp, generated by diges-
tion of plasmid pNB1, a plasmid derived from pUC19 containing a single
GAGTC site (16), with BssSI and BsrFI. Only the middle 794 bp fragment con-
tains the GAGTC recognition sequence. The digested pNB1 substrate (0.25 pmol)
was incubated with 0.75 pmol of purified N.BstNBI (lane 2), and 1 pl of the
crude cell extract containing ~9.5 pmol of N.BstNBI (lane 3), N.BstNBI-
D456A (lane 4), N.BstNBI-E418A (lane 5), N.BstNBI-E469A (lane 6), N.Bst-
NBI-E482A (lane 7). Lane 8 is the control plasmid only. Lane 9 is the size
standard of A DNA digested by HindIIl and ¢$174 DNA digested by Haelll
(New England Biolabs).

protein was loaded alone as well as the oligodeoxynucleotides.
A similar experiment was carried out with N.BstNBI with a
few changes: a buffer containing 10 mM Tris—HCl, 150 mM
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Figure 4. Gel retardation assay with Miyl, Plel and their variants. Conditions
are described in the Figure 3 legend. Lane 1 is the size standard of A DNA
digested by HindIIl, $174 DNA digested by Haelll. 0.25 pmol of the BssSI-
BsrFI digested pNB1 was incubated with 1 pl of crude cell extracts containing
~0.3 pmol of wild-type Myl (lane 2) and its variants E380A (lane 3), D403A
(lane 4), D418A (lane 5). Same DNA substrate (0.25 pmol) was also incubated
with 1 pl of crude cell extracts containing ~0.45 pmol of wild-type Plel and its
variants D399A, D414 A, D427A, shown in lanes 7, 8, 9 and 10, respectively.
Lanes 6 and 11 are the controls of plasmid DNA only.

KCl, 10 mM CaCl,, ] mM DTT was used and the samples were
incubated for 5 min at 55°C.

RESULTS

Cloning of the N.BstNBI, Plel and Mlyl genes

To clone the N.BstNBI nicking endonuclease gene, the methy-
lase selection strategy was tried and one clone, containing
plasmid DNA resistant to N.BstNBI endonuclease digestion,
was isolated. The 4.3 kb insert in the plasmid was sequenced
and a small m6-B adenine methyltransferase (M) gene was
identified based on sequence similarity to other methyltrans-
ferases (23). This methyltransferase was able to methylate
DNA at GASTC (S = G or C) sites and therefore was able to
protect DNA from endonucleolytic digestion by N.BsfNBI,
Plel or Mlyl. However, the flanking ORFs did not encode the
N.BstNBI nicking enzyme, suggesting that this m6-p adenine
methyltransferase was not associated with that R-M system. A
protein-based cloning strategy was adopted. The N.Bs/NBI
nicking endonuclease protein was purified to near homo-
geneity by column chromatography as detailed in the Materials
and Methods. The purified protein was used to determine its
N-terminal sequence as well as a short segment of its internal
amino acid sequence. The nicking endonuclease gene,
n.bstNBIR, was cloned based on reverse translation of these
amino acid sequences using degenerated-primer PCR, and the
entire gene was cloned by several rounds of inverse PCR
(19,20). The n.bstNBIR gene encodes a 604 amino acid protein
with a deduced molecular weight of 70 769, comparable to the
M, value of 70 000 kDa estimated by SDS-PAGE. Down-
stream from the n.bstNBIR ORF, two ORFs are identified (Fig. 1).
One is a putative gene, ORFI, encoding a 189 amino acid
hypothetical protein that shares 38% sequence similarity with
the carboxyl half of the nicking endonuclease. The function of
OREF1 is still unknown, but it is not required for the nicking
activity. The other is the n.bstnbIM gene, which encodes a 301
amino acid adenine methyltransferase (Fig. 1). The specificity
of this methyltransferase is the same as that of the orphan
methyltransferase but they belong to different sub-families
(23): m6A-a. for the N.BstNBIM and m6A-f for the orphan
methyltransferase.

Both the Plel and the MiIyl R—M system genes were cloned
using the methylase selection method (21). The nucleotide
sequences of the R and M genes were determined. The gene
organization of the Plel and Mlyl R—-M systems is shown in
Figure 1. They both consist of a large endonuclease gene and a
small adenine methyltransferase gene. The methyltransferase
encoded by the pleIM gene belongs to the m6-o. methyltrans-
ferase family like N.BstNBI methyltransferase and the methyl-
transferase encoded by mlyIM gene belongs to the m6-
methyltransferase family like the orphan methyltransferase.
Type IIs restriction endonucleases recognize asymmetric
sequences, therefore a typical Type IIs R—-M system usually
contains two methyltransferases, one to methylate each strand.
However, all of the methyltransferases in our study recognize
the degenerate, symmetric sequence GASTC (S = G or C).
Thus a single methyltransferase is capable of methylating both
DNA strands.

Sequence comparison of restriction endonuclease genes

The deduced protein sequence of N.BstNBI was compared to
the deduced protein sequences of Plel and MIyl using a
multiple-sequence alignment program (Fig. 2). The nicking
enzyme shares significant sequence similarities with both Plel
and My, suggesting that it is related to these Type IIs restric-
tion endonucleases. These large endonucleases could be
divided into two domains based on sequence alignment: a
more conserved N-terminal domain and a less conserved
C-terminal domain (Fig. 2). Since all three endonucleases
recognize the same DNA sequence but cleave DNA differ-
ently, the conservation in the N-terminal domains may reflect
their common function of recognizing the same GAGTC
sequence. The well-characterized Type IIs enzyme Fokl also
has two separate structural domains: N-terminal for DNA
binding and C-terminal for DNA cleavage (8). Only a marginal
sequence identity (26.1%) was observed when N.BsfNBI was
compared with Fokl using the GAP program (gap weight = 5;
length weight = 2). We speculate that N.BstNBI, Plel and Mlyl
may also have two domain structures like Fokl: an N-terminal
half for DNA binding and a C-terminal half for DNA cleavage.

Mapping the DNA cleavage domain via mutagenesis

Based on earlier crystal structures, all Type II and Type IIs
restriction endonucleases have a structurally similar catalytic
core, which spatially brings together three essential charged
residues, typically two acidic residues (D or E) and one lysine
residue (K), forming a P-D/E-Xy-D/E-X-K motif (24). One
exception is BamHI, which has three acidic residues (D94,
El11, E113)inits active site (25). The other exception is Bg/II,
which has an asparagine rather than lysine in the D/E-X-K
motif (26). Potential catalytic residues were chosen for each
endonuclease in this study based on the following three
criteria: (i) they are located in the C-terminal half (because
these endonucleases share marginal sequence similarity with
Fokl and the C-terminal domain of FokI is the DNA cleavage
domain); (ii) they are acidic, D and E, residues, or basic K resi-
dues; (iii) they are conserved among all three endonucleases.
Although sequence alignment did not identify the conserved
lysine residue, it did reveal seven acidic residues indicated by
circles in Figure 2.

The potential catalytic residues were changed to alanine resi-
dues (Ala, A) using a PCR-based mutagenesis method (22).
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Table 2. Percent sequence identity for the whole enzymes against each other, as well as for their two putative domains, N- and C-terminal

Entire enzyme

N-terminal half

C-terminal half

Plel Miyl N.Bst Plel Miyl N.Bst Plel Miyl N.Bst
Plel - - -
Miyl 375 - 435 - 322 -
N.Bst 33.1 32.1 - 34.3 345 - 30.3 30.1 -

N.Bst, N.BstNBI.

Table 3. The effect of amino acid substitutions on the DNA cleavage activity of N.BstNBI, Plel and Mlyl

N.BstNBI D389A E392A E418A
N, 100% N, 100% C, 0%

Plel D355A E358A E377A
N, 100% N, 100% C, 10%

Miyl D359A D363A E380A
N, 100% N, 100% C, 0%

D441A D456A  E469A E482A
N, 100% C, 0% C 1% C 1%
D399A D414A  E427A E440A
S, 0% C, 0% C, 0% N, 100%
D403A D418A  E430A E444A
S, 0% C, 0% C, 10% C, 1%

N, non-essential residues and substitution of these residues to alanine did not affect DNA cleavage activ-
ity. C, catalytic residues and changing these residues to alanine abolished or significantly reduced the
DNA cleavage activity, but not the DNA binding activity, of the endonuclease. S, structurally important
residues, which when changed to alanine affected both DNA cleavage and binding activities. The percent-
age represents the remaining activity and is shown under each residue. 0%, no cleavage activity can be
detected in the crude cell extract. Conserved catalytic residues among the three endonucleases are shown

in bold.

The mutant variants were sequenced to verify that no addi-
tional change had been introduced. The DNA cleavage activi-
ties of the mutated endonucleases in crude cell extract were
tested and the results are summarized in Table 3. No DNA
cleavage activity was detected when residues E418 and D456
of N.BstNBI were changed to Ala, and <1% cleavage activity
remained when E469 and E482 were changed to Ala (Table 3).
Substitutions of D399A, D414A, E427A in Plel and E380,
D403A, D418A in Myl completely abolished cleavage
activity (Table 3). A decrease of activity was observed for
E377A in Plel and for E430A and E444A in Mlyl. The parallel
effects of analogous mutants support the view that these
residues perform similar functions in the respective endonucle-
ases, and may reside in structurally similar regions.

DNA binding assays

To eliminate residues such as those involved in maintaining
overall fold of the protein, DNA retardation experiments were
carried out to test whether the created mutants could still bind
DNA. DNA substrates were prepared by digesting plasmid
pNB1 with BssSI and BsrFI, which resulted in three fragments:
584, 794 and 1067 bp (Fig. 3, lane 1). Only the 794 bp frag-
ment in the middle contained the sequence GAGTC. When
purified N.BsfNBI nicking enzyme was incubated with the
three DNA fragments, the mobility of the 794 bp fragment was
retarded (Fig. 3, lane 2), suggesting that only the DNA
containing the recognition site for the enzyme was bound
specifically by N.BsfNBI. The same mobility shift of the

middle band was also observed when crude N.BstNBI endonu-
clease from a cell extract was used in the assay (Fig. 3, lane 3).
Crude cell extracts of cleavage-deficient N.BstNBI endonucle-
ases were also used in DNA binding assays. All four mutated
endonucleases were able to shift the middle DNA fragment
containing GAGTC (Fig. 3, lanes 4-7), which suggests that
they can still bind to DNA specifically, like the wild-type
enzyme. No DNA retardation was observed when an E.coli
crude cell extract prepared from cells containing the cloning
vector was used as a control in the DNA binding assay (Fig. 3,
lane 8).

Similar binding assays were performed to test the specific
DNA binding activity of cleavage-deficient MIyl and Plel
variants. Two mutated Mlyl enzymes, MIyI-E380A and Mlyl-
D418A could still bind the 794 bp middle fragment just like
wild-type MIyI (Fig. 4). The other two DNA fragments were
not retarded. Again this suggested that those two MIyl mutants
were still able to bind DNA specifically. None of the DNA
fragments were retarded in the presence of the MiyI-D403A
mutant (Fig. 4, lane 4). The mutation at this position abolished
both DNA cleavage and binding activities, suggesting that
either the D403 residue was involved in both cleavage and
binding activities or it was important in supporting protein
structure. We think that D403 in Mlyl is probably required for
structural integrity for two reasons. The first is that Type IIs
endonucleases usually consist of two structural domains, one
for cleavage and the other for binding, so it is unlikely that a
residue would be involved in both functions. Secondly, the
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Figure 5. Digestion reactions of plasmid pNB1 with MIyl, Plel and N.BstNBI.
Plasmid pNB1 (7.8 nM) was incubated with (A) Mlyl (2 nM), (B) Plel (14.2 nM)
and (C) N.BstNBI (0.8 nM). Aliquots were removed at different time intervals.
M, DNA size marker.

corresponding D403 residue in the N.BsfNBI endonuclease is
D441 (Table 3), and this residue is not a catalytic residue for
DNA cleavage. The cleavage-deficient Plel variants behaved
similarly to the MIyl variants. The middle-size band was
retarded by Plel-D414A and Plel-E427A but not by Plel-
D399A (Fig. 4, lanes 9, 10 and 8, respectively).

DNA cleavage assays

The results from sequence alignments, mutagenesis experi-
ments and DNA binding assays showed that N.BstNBI is very
similar to its Type IIs counterparts Myl and Plel. To further
investigate the differences between these endonucleases, the
time course of cleavage reactions with each enzyme were
studied. Plasmid pNB1, which contains a single GAGTC
recognition sequence, was used in the cleavage assay. The
undigested supercoiled form of pNB1 is converted into the
nicked closed-circular form when one strand is nicked by an
endonuclease or into linear form when both strands are broken
within a close distance. When plasmid pNB1 was incubated
with Mlyl, the supercoiled form was first converted into the
nicked form (Fig. 5A). The nicked form peaked at 5 min and
disappeared after 45 min. The amount of linear DNA increased
during the time course and the digestion was complete at
60 min. The existence of an intermediate nicked form suggests
that double strand cleavage by Mlyl endonuclease is probably
a two step process: the supercoiled substrate was nicked on one
strand first, and then the other strand was cleaved in a subse-
quent step. The same sequential progression was observed with

Plel (Fig. 5B). However in the case of Plel, some nicked inter-
mediate remained even after 120 min incubation, suggesting
that Plel has a lower efficiency than Mlyl in cleaving the two
strands of pNB1 DNA. When a similar digestion time course
was performed using the nicking endonuclease N.BsfNBI, all
of the supercoiled pNB1 was converted into the nicked form in
<12 min (Fig. 5C). However, to our surprise, a small amount of
linear DNA (~5-10%) was also observed after 105 min of
digestion, suggesting that N.BstNBI was also capable of
cleaving both DNA strands. We have tested the double strand
cleavage activity of N.BstNBI in four different restriction
enzyme digestion buffers (buffers 1, 2, 3 and 4; New England
Biolabs), and the double strand cleavage activity was not
enhanced in any of these buffers (data not shown). The linear-
ized DNA was purified from an agarose gel after electro-
phoresis and the break points on that DNA fragment were
determined by dideoxynucleotide sequencing reactions. The
cleavage sites were mapped on both strands at ~5-6 nt on the 3’
side of the GAGTC recognition sequence (data not shown).
This suggested that the double-stranded cleavage sites of
N.BstNBI were located at approximately the same locations as
its Type IIs counterparts.

Gel filtration assays

The structure of the Type IIs endonuclease Fokl reveals a
dimer, in which the dimerization interface is mediated by the
cleavage domain (9), and biochemical studies on Fokl also
provide evidence that Fokl catalytic domain must dimerize for
DNA cleavage to occur (10). To obtain evidence of dimeriza-
tion, a gel filtration was carried out to measure the molecular
mass of MIyl and N.BstNBI protein complexes with or without
DNA. The buffer used contained Ca** instead of Mg?*. DNA
binding experiments demonstrated that under these conditions
both endonucleases retained their binding specificity but were
unable to cleave the DNA (Fig. 4). Purified Mlyl protein was
loaded onto the Superdex-200 column without DNA, and its
molecular mass was calculated to be ~65 kDa (Fig. 6),
suggesting that MIyl (M, = 63 865) is a monomer in solution in
the absence of DNA. When a mixture of MIyl protein and
excess specific DNA duplex was loaded to the column, two
peaks of absorption were observed. The low molecular mass
peak had a molecular mass of 17.8 kDa, which corresponded to
the DNA duplex alone (17 476). The high molecular mass peak
had a molecular mass of 159 kDa based on the standard linear
curve generated from molecular weight standards (Fig. 6). The
molecular masses of the possible MIyl complexes are as
follows: 1 Miyl + 1 DNA = 81.3 kDa; 2 Miyl = 127.7 kDa; 2
Myl + 1 DNA = 145.2 kDa; 2 Miyl + 2 DNA =162.7 kDa. The
observed molecular mass of Miyl complex has the best match
to a complex containing two molecules of MIyI plus two DNA
duplexes. No high molecular mass complex was formed when
MIyl was mixed with non-specific DNA lacking the Miyl
recognition sequence, suggesting that the MIyl-DNA complex
was sequence dependent.

The same gel filtration experiment was performed with
N.BstNBI. The molecular mass of N.BstNBI alone was deter-
mined as 60 kDa based on molecular weight standards (Fig. 6).
This suggests that, like MlyI, N.BstNBI (deduced M, =70 769)
exists as a monomer in solution in the absence of DNA. When
mixed with specific DNA duplex, a slightly larger complex
was observed with a molecular mass of 99 kDa, which might
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Figure 6. Determination of molecular mass of enzyme—DNA complex by gel
filtration results. The Kav value for each protein standard (on the linear scale)
was plotted against the corresponding molecular weight (on the logarithmic
scale). Standard proteins (ovalbumine, 43 kDa; albumine, 67 kDa; aldolase,
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corresponding molecular weights were calculated using calibration curve
equation: Kav = —0.266 log(molecular weight) + 1.658.

correspond to a complex composed of one N.BsfNBI molecule
bound to one DNA (70 769 + 17 476 = 88 245). These results
suggest that Mlyl and N.BstNBI are both monomers in solution
and that Myl apparently dimerizes in presence of specific
DNA, whereas N.BsfINBI remains as a monomer.

DISCUSSION

We have cloned and sequenced the genes encoding the
N.BstNBI nicking endonuclease and the Type IIs restriction
endonucleases Plel and MIyl. The nicking enzyme shares
significant sequence similarities with both Plel and MI,
suggesting that it is related to these Type Ils restriction endo-
nucleases. These large endonucleases could be divided into
two domains based on sequence alignments: a more conserved
N-terminal domain and a less conserved C-terminal domain
(Table 2). Since all three endonucleases recognize the same
DNA sequence but cleave DNA differently, the conservation
noted in the N-terminal domains may reflect their common
function of recognizing the GAGTC sequence. The well-char-
acterized Type IIs enzyme Fokl has two separate structural
domains: an N-terminal domain for DNA binding and the
C-terminal for DNA cleavage (8). We speculate that
N.BstNBI, Plel and Mlyl may also have two domains like
FokI: the N-terminal half for DNA binding and the C-terminal
half for DNA cleavage.

Based on sequence alignment, seven conserved acidic resi-
dues were chosen as potential catalytic residues (Fig. 2 and
Table 3). We changed all those candidate residues to alanine
and then assayed the DNA cleavage and binding activities of
these mutated endonucleases. Several likely catalytic residues
have been assigned because changing them to alanine abol-
ished DNA cleavage activity but not DNA binding activity
(Table 3). Two residues, D399 in Plel and D403 in MIyl, are
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excluded from being catalytic residues because changing them
to alanine abolished both DNA cleavage and DNA binding
activities, suggesting that these residues are probably impor-
tant for the overall structural integrity of the Plel and Mlyl
endonucleases. It is possible that catalytic residues can be
important to both catalysis and DNA binding and the binding
results can be influenced by buffer conditions (27,28). This is
particularly true for Type II restriction endonucleases because
they cleave DNA within their DNA recognition sequences and
have integrated DNA recognition and DNA cleavage domains
(2,24). In the case of Type Ils restriction endonucleases, their
catalytic residues are less likely to be involved in DNA binding
due to the fact that Type IIs endonucleases contain separate
DNA binding and DNA cleavage domains (4,9). The corre-
sponding residue D441 in N.BstNBI seems to be less important
for protein structure because changing it to alanine had no
effect on DNA binding or DNA cleavage activity. Most of
these catalytically important residues are conserved among
N.BstNBI, Plel and Miyl (Fig. 2 and Table 3), which further
supports the idea that these endonucleases are related to each
other. Identification of catalytic residues in the C-terminal
domains, such as D456 (N.BstNBI), D414 (Plel) and D418
(MIyI), supports the notion that Type IIs endonucleases in this
study, like Fokl, have two structural domains: N-terminal for
DNA binding and C-terminal for DNA cleavage.

In addition, our mutagenesis results suggest that Plel and
MIyI contain a single active site for DNA cleavage. This is
because if two active sites were required for cleavage, one for
each strand, then disabling one catalytic center by mutation
should generate an enzyme with strand-specific ‘nicking’
activity like N.BstNBI. However, catalytic mutants showing a
complete loss of double-stranded cleavage activity displayed
no nicking activity on T7 DNA or pNB1 DNA. We thus
believe a single active site is used to cleave both DNA strands.
To cleave two DNA strands using one catalytic center, the
endonuclease could use the following strategies. One possi-
bility is that the endonucleases act as monomers and cleavage
on both strands of DNA is accomplished by cleavage of one
strand first, translocation of its active site to the scissile phos-
phate on the second DNA strand, and then cleavage of the
second strand. The movement might involve a conformational
change in the protein to rearrange its single catalytic center or
the protein might dissociate and re-associate with the substrate
DNA. A second possibility is that the endonucleases form
dimers to achieve double-stranded DNA cleavage like Fokl
(9,10). In this model, the first strand is cleaved by one enzyme
molecule and the second strand is cleaved by the active site of
another enzyme. Results from this study favor the second
model. We found that additional sites on the DNA substrates
stimulated the cleavage rates of Plel and MIyl (unpublished
observations). This is consistent with two recognition sites
interacting with each other. When the two sites are located in
the same DNA molecule, the interaction is a trimolecular reac-
tion, which is more efficient than the tetramolecular reaction
which occurs on DNA with a single site. Stronger evidence of
dimerization came from gel filtration experiments. Although
Miyl and N.BstNBI endonucleases behave like monomers in
solution, Mlyl dimerizes in presence of cognate DNA and diva-
lent metal ion, whereas N.BstNBI remains a monomer under
similar conditions (Fig. 6).
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Figure 7. Schematic diagram showing the hypothesized DNA cleavage models
of Type IIs restriction endonucleases Fokl (A), Miyl and Plel (B) and the
N.BstNBI nicking enzyme (C). Ellipses indicate the DNA binding domain and
the gray circles represent DNA cleavage domains of the Type IIs restriction
endonucleases. Double strand DNA is shown as two solid lines and the
GAGTC recognition sequence is indicated by the black-filled box between the
two lines.

Figure 7 is a schematic diagram showing the current model
for DNA cleavage by the model Type IIs endonuclease, FokI,
and the Mlyl, Plel and N.BstNBI endonucleases. Fokl binds to
DNA at its recognition site, and the sequence-specific binding
event exposes its dimerization interface (Fig. 7A). Two DNA-
bound Fokl molecules then dimerize through their cleavage
domains, forming the catalytically active dimer, which then
cleaves the two DNA strands in a concerted manner (Fig. 7A).
When low Fokl concentrations were used in the reaction, a
slight accumulation of nicked DNA was observed (10). This
does not seem to be the case for Plel and MIyl. A significant
excess of the nicked intermediate over the linear DNA was
observed in the early stage of the time course (Fig. 5). It seems
that Myl and Plel cleave two strands of DNA in a sequential
fashion with the DNA first being nicked and then further
digested to the final linear form. We propose that monomers of
Plel and MIyI can bind to DNA substrates and nick one strand
but not the other because the catalytic residues probably cannot
reach the scissile phosphodiester bond on the second strand
(Fig. 7B). At this point two possible pathways might occur.
The monomeric enzyme might dissociate from the nicked
DNA, forming the nicked intermediate species observed in

Figure 5A and B, or the monomeric enzyme might stay
attached to its nicked substrate and dimerize with another
monomer which then cleaves the second strand (Fig. 7B). In
the case of the nicking endonuclease N.BsfNBI, the dimeriza-
tion may be diminished by mutations and thus nicked DNA
could not be efficiently converted into the linear DNA by
N.BstNBI resulting in the accumulation of nicked DNA under
normal digestion conditions (Fig. 7C). Support for this model
came from gel filtration experiments which showed that MIyl
formed dimer in the presence of DNA and divalent metal ion,
but no dimer of N.BstNBI was observed under similar condi-
tions (Fig. 6).

Figure 7 also illustrates a fundamental difference in activa-
tion between Fokl and our enzymes (MIyl and Plel). Fokl
appears to be catalytically inactive prior to dimerization and
does not introduce nicks into DNA substrates at a significant
rate (Fig. 7A) (10). In contrast, Mlyl and Plel do introduce
nicks into DNA substrates at a much high rate prior to double-
stranded cleavages (Fig. SA and B). They appear to be catalyt-
ically active before dimerization and able to cleave one DNA
strand first (Fig. 7B).

We suggest that the nicking endonuclease N.BstNBI has
probably evolved from a Type IIs endonuclease based on the
results from this study and that the biological function of this
nicking endonuclease is probably still the restriction of foreign
DNA. Although N.BsfNBI only nicks DNA under normal
digestion conditions, double-strand breaks still take place
when two nicks, located on two different strands of the same
DNA molecule, are close enough together (<12—15 bp apart) to
permit the termini to melt and give fragments. There are six
such sites in bacteriophage T7 DNA, and the T7 DNA was
cleaved into six fragments by N.BsfNBI in vitro (16). Thus,
like other restriction endonucleases, N.BstNBI can introduce
double-stranded breaks into unmodified foreign DNA. In addi-
tion, there is a corresponding DNA methylase gene,
n.bstNBIM, located close to the N.BsfNBI endonuclease gene,
just like other R—-M systems (Fig. 1). This corresponding
methylase methylates GAGTC and GACTC sequences and
thus protects both DNA strands from the endonucleolytic
digestion of N.BstNBI (H.Kong, unpublished results).
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