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ABSTRACT

Endonuclease EcoRiI is one of a group of type 11
restriction enzymes, including Nael, Narl, BspMI, Hpall,
and Saci, that require binding of an enhancer sequence
to cleave DNA. Comparison of the EcoRil amino-acid
sequence with the amino-acid consensus motifs that
differentiate between recombinase families uncovered
similarity between a 29 amino-acid sequence in the
carboxyl end of EcoRil and the motif defining the
integrase family of recombinases. This similarity
implied that EcoRil tyrosine 308 should be involved in
catalyzing hydrolysis of the scissile bond. Site-directed
mutagenesis was used to mutate Tyr3O8 to Phe. The
phenylalanine-substituted enzyme could not cleave T5
DNA under conditions in which wild-type enzyme
completely cleaved this DNA. The Tyr3O8 to Phe
mutation abolished cleavage activity but not specific
binding to DNA. No evidence was found for the
existence during the cleavage reaction of a covalent
linkage between Tyr3O8 and DNA.

INTRODUCTION

The NaeI-type restriction endonucleases, BspMI, HpaII, NaeI,
NarI, SacII [1, 2], and EcoRII [3, 4], exhibit recognition sites
that are resistant to cleavage; this resistance can be overcome

by the addition of an enhancer sequence either cis or trans to
the cleavage site. Studies of the interactions of NaeI with DNA
define cleavage-enhancer as the cognate recognition sequence plus
flanking sequences that direct binding to the enhancer-binding
site on the enzyme [5]. Occupation of this site stabilizes an active
conformation of the NaeI dimer [6].
As expected for an enzyme that has two DNA binding sites

that require the same recognition sequences but recognize
different families of flanking sequences, NaeI has been shown
to induce loops with NaeI bound at their base in DNAs containing
multiple recognition sites [7]. This ability to juxtapose and cleave
distant recognition sites is reminiscent of site-specific
recombination and transposition. Therefore, we compared the

sequence for EcoRII endonuclease [8] with the amino-acid
consensus sequences (motifs) that differentiate between
recombinase families (reviewed in [9]); we report here possible
homology between a 29 amino-acid sequence in the carboxyl end
of EcoRII and the motif defining the integrase-family of
recombinases. To our knowledge this represents some of the first
evidence of an evolutionary relationship between a restriction
enzyme and a protein family.
One amino acid of the EcoRlI endonuclease, tyrosine 308, was

predicted, based on its position within the EcoRII amino-acid
sequence showing similarity with the integrase motif, to be
involved in catalyzing hydrolysis of the phosphodiester backbone.
Changing Tyr3O8 to Phe by site-specific mutagenesis abolished
the DNA-cleavage activity of the EcoRII endonuclease, but not
its specific binding to DNA.

MATERIALS AND METHODS
Amino-acid sequence alignments

Sequence comparisons were made using the Sequence Analysis
Software Package by Genetics Computer Group, Inc. Matches
were maximized using BestFit, which is based on the local
homology algorithm of Smith and Waterman [10, 11] and
Needleman and Wunsch [12]. The significance of the matches
found were determined by a Monte Carlo analysis [10, 11]: one

of the sequences was jumbled multiple times and the average

quality of match to the jumbled sequences compared to the quality
of the putative match.

Site-specific mutation of pR224
Ten itg supercoiled pR224 was nicked using 80 U EcoRl
(Promega) (as described elsewhere [13]). The nicked DNA was
extracted 2 x with phenol, extracted 3 x with ether, and desalted
through Sephadex G-25. 50 itg of DNA was reacted with 100
U Exo HI (New England Biolabs) for 20 min at 37°C. Gapped
DNA was extracted 3 x with 10 yd of Strataclean resin
(Stratagene) and alcohol precipitated. Gap-size was determined
on agarose gels after digestion of single-strand DNA with S1
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Figure 1. Comparison of the 40-residue motif sequences of EcoRilI endonuclease with the integrase family of recombinases (single letter amino-acid code). Boxed
residues indicate conservation between EcoRfI and any of the other proteins. Shaded residues refer to residues that fall within the same exchange group [25]. Extents
of conservation are indicated below EcoRII residue positions filled symbol, 100%, half filled, > 50%, open symbol, > 30%; circles and squares exclude and include
residues in the same exchange group, respectively. An X indicates a residue that is conserved among the recombinases but not by EcoRlI. Integrase sequences are

from: phages P2, 186, P22, P1, 1, 080, and P4 [17]; E.coli switch proteins FimE and FimB [26]; D protein [27]; Rci protein [28]; transposons Tn554 (tnpA and
tnpB) [29], Tnl545 [30], Tn2603 [31], Tn4430 [32]; yeast plasmids pSB2, pSRI, pSB3, pSMl, pKDl [33], Flp protein [34].

nuclease (not shown). 1.0 ,ug of gapped DNA was annealed to
a molar excess of primer pCGCGGGGGCTTTCCACGATACT
or pCAGTATCGTGGAAAGCCCCCGC, synthesized as

described elsewhere [5], in 10 mM MgCl2 and 5 mM (-

mercaptoethanol (pol buffer) at 60°C for 1 min and cooled to
4°C over 10 min in 12 tl. 2 dl of 5 mM rATP and 4 ,tM dNTPS
and then 1 Al containing 1 U of Klenow pol I (BRL) and 1000
U of phage T4 ligase (NEB) were added. After 15 min at 25°C,
7 1d 0.7 mM rATP and 0.6 mM dNTPs in pol buffer containing
1 U Klenow pol I and 1000 U T4 ligase were added and the

reactions continued for 7 hrs. Formation of closed-circular DNA
was followed by gel electrophoresis in the presence of ethidium
bromide (results not shown). The reactions were heated to 60°C
for 20 min, desalted through sephadex G-25, and treated with
dam methylase (NEB) according to manufacturer's protocol, to
reduce mismatch repair. Methylated DNA was desalted and
transfected into permeabilized DH5a cells (BRL). Plasmid DNA
was isolated from transfected cells grown in 25 mls media
containing ampicillin (60 pg/mil). 10 ,ug of DNA was cut with
75 U of EcoNI, the DNA was desalted and 2 jig retransfected;
this was repeated. Plasmid DNA from 10 colonies were analyzed
and all were EcoNI resistant. Six of these, from oligonucleotides
1 and 2, had acquired a SacII site. The region of interest was

sequenced using the chain termination method and found to
contain the desired mutation (not shown).

RESULTS AND DISCUSSION
The site-specific recombinases fall into at least two families, based
on their protein structure and chemistry of strand breakage

(reviewed in [9]). The resolvase/invertase family is characized
by transient attachment of the protein to the broken DNA through
a 5' phosphodiester linkage to a serine residue located within
a highly conserved region of sequence in the N-tenninal catalytic
domain (reviewed in [14]). The integrase family is characterized
by transient attachment of the protein to the broken DNA through
a 3' phosphodiester linkage to a tyrosine residue located within
a conserved region of sequence in the C-tenninal catalytic domain
[15]. This tyrosine residue is located within a 40-residue motif
that is conserved among the integrase family [16] (Fig. 1). Three
of the forty amino acids (His, Arg, and Tyr) are perfectly
conserved and alteration of these amino acids block recombination
without affecting recombinase binding to DNA [15, 17, 18]. We
compared the EcoRII endonuclease sequence to the sequence
motifs that define the different DNA-cleaving protein families;
similarity was found with the integrase-motif.
EcoRII endonuclease is an ~-45 kDa protein [8, 19] that

recognizes the sequence CC(A or T)GG and cleaves the
phosphodiester bond preceding the first C leaving a 5-base 5'
overhang [20, 21]. This type of overhang is consistent with that
generated by double-strand cleavage by the Int-family proteins.
EcoRil contained a sequence similar to the 40-residue motif of
the integrase family and conserved the Hisl, Arg4, and Tyr38
(of the 40-residue motif), which are perfectly conserved among
all 22 integrase-family proteins so far sequenced (Fig 1). In
addition, the integrase-family has 8 highly (>50%) conserved
amino acids, Leu3, HisS, Ala8, Leull, GlylS, Gly27, His28,
and His4O; EcoRlI conserved all of these except Leul 1, His28,
and His4O. Defining residues in the same exchange group as

conserved, 16 amino acids in the discovered integrase-motif
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Figure 2. A dendrogram indicating similarity relationships among the motifs
defining the Int-family of recombinases and the putative Int-motif in EcoRiI
endonuclease. The horizontal branch lengths are proportional to the similarity
between the sequences. The dendrogram was generated as described in Material
and Methods using PileUp from the GCG package of sequence analysis software
rlnnning on a VAX 6620 computer.
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Figure 3. Similarity between the putative Int-motif of EcoRII and the Int-motif
from the phage P4 integrase. Alignment was maximized by computer using BestFit
as described in Materials and Methods. The alignment shows 54% similarity and
27% identity between aligned amino acids. Comparison value between amino
acids 0.5, :; comparison value 20.1, .; comparison value = 1, 1.

region of EcoRlI are > 30% conserved among all the 22 proteins;
the motif in EcoRII is only 29 residues long.
Of the 22 integrase-family proteins, the putative Int-motif of

EcoRlI was found by pairwise alignment by computer to be most
similar to the Int motif contained within the integrase protein from
phage P4 (Fig. 2). Using BestFit, from the Sequence Analysis
Software Package by Genetics Computer Group, Inc., to
maximize alignment showed that 7 of the first 19 amino acids
of the two motifs are identical and another 4 are conserved
without allowing any gaps for alignment purposes (Fig. 3). Using
Monte Carlo statistical analysis, this similarity was found to be

Figure 4. Site-specific mutation of pR224. Tyr3O8 in the EcoRII endonuclease
gene was changed to Phe by nicking the plasmid with EcoRP in the presence of
ethidium bromide; creating a gap by extending the nick using Exo 11; binding
a complementary oligonucleotide that creates mismatches to change Tyr to Phe
concomitantly el ating an EcoNI restriction site and creating a SacIl restriction
site; fill-in and ligate to produce closed-circular DNA. These DNA molecules
were used to transfect E. coli followed by repeated isolation, restriction with EcoMI,
and transfection to select only mutated DNA molecules.

6.5 standard deviations (based upon 100 randomizations) above
the probability expected from matching EcoRII to jumbled P4
Int sequences [10, 1 1].
The last sixteen amino acids of the alignment shown in Fig. 3

match with a similarity score approximately 5 SDs above random.
Tyr3O8 is found in this region and was aligned by the computer
analysis opposite the tyrosine in P4 integrase that forms a
phosphotyrosyl intermediate (t). The middle part of the integrase
motif is the most variable among members of the Int-family. This
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Figure 5. EcoRII activity of extracts from cells contning wild-type and mutant
pR224. Substrate T5 DNA was incubated for 15 min with cell extract from cells
grown with wild-type pR224, pR224 containing mutant EcoRII, and only pUC,
as indicated. a, Reaction products were incubated with hot SDS (equal volume
of 0.5% SDS, 50 mM NaOH, and 5 mM EDTA at 68°C for 30 min [34]) to
release protein Lane 1, X-Hidm digest molecular-weight markers; Lane 2, EcoRl
cleavage of wt pR224 cell extract; the 7.5 kb linear plasmid band was present.
Lanes 3 & 4, cleavage ofT5 DNA by extract containing wild type EcoRII protein;
Lanes 5 through 10, lack of cleavage and recovery of DNA from extracts from
cells containing 3 independent pR224 mutants. Lanes 11 & 12, lack of cleavage
of T5 DNA by pUC extracts, which lack EcoRlI endonuclease activity; Lane
13, T5 DNA alone. b, Repeat of the reactions in the corresponding (a) lanes
but without treatment with hot SDS. Mutant EcoRlI endonuclease still does not
cleave T5 DNA, but now product does not enter the gel; see origin in Lanes
5 through 10. Wild type and pUC extracts give same results as in (a). Indicated
alongside the figure is the location of uncleaved T5 DNA, T5 DNA cleaved by
EcoRUI (see Lane 3), and the position of the pR224 plasmid DNA. Note the absen

of the latter in the pUC lanes (11 & 12) and in lane 2, in which pR224 has been
cleaved by EcoRI.

region is deleted in the EcoRII enzyme. The overall match
between the region of EcoRlI containing the putative Int motif
and the analogous region of P4 integrase (Fig. 3) is 4.4 SDs
above a random match. This level of similarity is significantly
better than the two to three SDs above randomness that generally
characterize the relationships among the integrases in Table 1

[16], which have diverged significantdy from each other, but still
maintain simar function.
The homology between EcoRII protein and the integrase-fanily

of recombinases suggests that Tyr3O8 should be required for
EcoRlI activity but not for its binding to DNA. Plasmid pUC18
containing e EcoRlI endonuclease and methylase genes was,

therefore, obtained (generously provided by A. Bhagwat, Wayne
State Univ.) and Tyr3O8 changed to Phe using oligonucleotide
site-directed mutagenesis techniques (Fig. 4). This is a

conservative change: only a hydroxyl group is removed that may
be required for nucleophilic attack at DNA phosphate.
To mutate Tyr3O8 to Phe, oligonucleotides were synthesized

against bot strands ofpUC18. These oligonucleotides introduced
two basepair changes (Fig. 4) hat simulta sly mutated Tyr308
to Phe, eliminated a unique EcoNI restriction site, and created
a unique SaclI site. These changes in restriction character of the
DNA were used for unambiguous selection of mutant phage.
DNA sequencing confirmed that the expected base changes were
the only ones produced (not shown).
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Figure 6. Mutant EcoRII protein binding to DNA requires an EcoRII site. Lane
1, X-Hind HI digest molecular-weight markers; Lane 2, cell extract of EcoRII
mutant reacted with 0.2 yg of T5 DNA as in Fig. 5b (Lanes 5-9): a 32 bp DNA
fragment was added before the addition of T5 DNA. The DNA fragment was
heteroduplex in restriction site (EcoRI and EcoRIf sites oppose each other). Lane
3, same as Lane 2 except fragment contains EcoRIlI site; Lane 4, fragment with
EcoRI site; Lane 5, fragment was heteroduplex complement to fragment in Lane
2; Lane 6, mutant extract with no added fragment, note product at origin; Lane
7, cell extract from mutant EcoRilI showing that bands are not contributed by
extract in the absence of added T5 DNA; Lane 8, phage T5 DNA.

To determine the effect of the Tyr3O8 to Phe mutation on
EcoRII endonuclease cleavage and binding activity, extracts were
prepared from cells containing the mutant and wildtype genes.
Extracts from cells containing wild-type EcoRII endonuclease
completely cleaved phage T5 DNA substrate (Fig. 5, Lanes 3
& 4). Under the same conditions, extracts from cells containing
Phe308 mutant EcoRlI, however, were unable to cleave substrate
T5 DNA (Fig. 5, Lanes 5-10) and required hot SDS to release
mutant EcoRII protein from uncleaved T5 DNA (Fig. 5, compare
Lanes 5-10 with and without SDS); in the absence of SDS the
protein-DNA complex could not enter the gel. Thus, substitution
of Phe for Tyr at position 308 eliminated cleavage activity but
not EcoRII binding to DNA.
The mutant EcoRlI endonuclease bound DNA specifically at

EcoRII sites: addition of enzyme-saturating amounts of a DNA
fragment containing an EcoRII site released T5 DNA from the
mutant enzyme as judged by the reappearance of the uncleaved
T5 DNA band upon electrophoresis (Fig. 6, Lane 3). Addition
of a DNA fragments lacking a properly base paired EcoRlI
recognition site were not able to inhibit protein binding (Fig. 6,
Lanes 2, 4, 5).
A hallmark of the integrase proteins is their formation of a

covalent intermediate through a 3' phosphodiester linkage to a
tyrosine residue [15]. We have been unable to detect a covalent
intermediate between labeled-DNA and EcoRlI using the
following methods: EcoRII-mediated DNA cleavage was
interrupted with various agents, including, hot SDS, NaOH, and
EDTA, tried alone and in combination, and the reaction products
either electrophoresed on denaturing gels or hydrolyzed in acid
and analyzed by thin layer chromatography to visualize the
presence of phosphotyrosine. This negative result implies that
either a covalent intermediate is not formed during cleavage or
it is readily hyrolyzed making its isolation in an aqueous
environment very difficult.

Thus, we were unable to isolate a covalent intermediate
between EcoRII and DNA using the same methods that were used
to demonstrate covalent intermediates between X-integrase and
DNA [15] and between topoisomerases and DNA [22, 23]. Yet,
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the Tyr3O8 -OH was found to be required for DNA cleavage
but not for specific DNA recognition by EcoRII. These results
lead us to speculate that, whereas the integrases have evolved
to nick and rejoin DNA, EcoRII has apparently evolved to cleave
DNA efficiently. Thus EcoRII may have evolved to use the high
concentration of water (55 M) present in the reaction
environment, rather than another DNA strand, to displace the
tyrosyl-DNA intermediate. Amino-acid differences between
EcoRII and the integrase proteins that facilitate water access to
the active site of EcoRII could lead to more efficient hydrolysis
of the phosphotyrosyl bond and explain our inability to isolate
the EcoRII-DNA covalent intermediate.
The presence of a putative Int-motif in the EcoRlI amino-acid

sequence implies an evolutionary relationship between EcoRlI
and the integrases. We have no evidence as to which,
endonuclease or integrase, is the evolutionary precursor, but we
would not be surprised to find that the cell, to defend itself from
invading DNAs, recruited an integrase activity that could
specifically cleave DNA and that could be inhibited from host-
DNA cleavage by DNA modification. Restriction, however,
could have preceded integration: restriction enzymes have been
found to induce genomic rearrangements when introduced into
cells (e.g., [24]), but a role in genetic recombination has not been
shown.
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