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ABSTRACT

More than 3000 type II restriction endonucleases
have been discovered. They recognize short, usually
palindromic, sequences of 4–8 bp and, in the presence
of Mg2+, cleave the DNA within or in close proximity
to the recognition sequence. The orthodox type II
enzymes are homodimers which recognize palin-
dromic sites. Depending on particular features
subtypes are classified. All structures of restriction
enzymes show a common structural core comprising
four β-strands and one α-helix. Furthermore, two
families of enzymes can be distinguished which are
structurally very similar (EcoRI-like enzymes and
EcoRV-like enzymes). Like other DNA binding
proteins, restriction enzymes are capable of non-
specific DNA binding, which is the prerequisite for
efficient target site location by facilitated diffusion.
Non-specific binding usually does not involve inter-
actions with the bases but only with the DNA backbone.
In contrast, specific binding is characterized by an
intimate interplay between direct (interaction with the
bases) and indirect (interaction with the backbone)
readout. Typically ∼15–20 hydrogen bonds are
formed between a dimeric restriction enzyme and the
bases of the recognition sequence, in addition to
numerous van der Waals contacts to the bases and
hydrogen bonds to the backbone, which may also be
water mediated. The recognition process triggers
large conformational changes of the enzyme and the
DNA, which lead to the activation of the catalytic
centers. In many restriction enzymes the catalytic
centers, one in each subunit, are represented by the
PD . . . D/EXK motif, in which the two carboxylates are
responsible for Mg2+ binding, the essential cofactor
for the great majority of enzymes. The precise mech-
anism of cleavage has not yet been established for
any enzyme, the main uncertainty concerns the number
of Mg2+ ions directly involved in cleavage. Cleavage in
the two strands usually occurs in a concerted
fashion and leads to inversion of configuration at the

phosphorus. The products of the reaction are DNA
fragments with a 3′-OH and a 5′-phosphate.

INTRODUCTION

Restriction endonucleases occur ubiquitously among prokaryotic
organisms (1,2). Their principal biological function is the
protection of the host genome against foreign DNA, in
particular bacteriophage DNA (3). Other functions are still
being discussed, such as an involvement in recombination and
transposition (4–7). In addition, there is evidence that the
genes for restriction and modification enzymes may act
together as selfish elements (8).

By definition, restriction endonucleases are parts of restriction–
modification (RM) systems, which comprise an endonuclease
and a methyltransferase activity. Whereas the substrate of the
restriction enzyme is foreign DNA, which is cleaved in
response to defined recognition sites, that of the modification
enzyme is the DNA of the host which is modified at the recog-
nition sequence and, thereby, protected against attack by the
restriction endonuclease. Three types of RM systems have
been found and were classified according to their subunit
composition, cofactor requirement and mode of action (9). The
distinction between type I, II and III systems is still useful, but
it is becoming apparent that there are intermediate cases
(vide infra).

The present review will deal with the type II restriction endo-
nucleases, which, because of their extraordinary importance
for gene analysis and cloning work, have been studied in great
detail. Moreover, they have proven to be excellent model
systems to study highly specific protein–nucleic acid inter-
actions, to investigate structure–function relationships and, last
but not least, to understand the mechanisms of evolution within
a large family of functionally related enzymes.

The last comprehensive reviews on the structure and function
of type II restriction endonucleases appeared in 1993 (1) and
1997 (10). Since then about 1000 new type II restriction
enzymes [compare entry numbers in (11) and (12)] were
identified, eight more crystal structures determined (giving a
total of 12 structures) and many biochemical studies published
(http://rebase.neb.com).

From these structural and functional studies it is clear that
the family of type II restriction endonucleases is more hetero-
geneous than originally thought. To point out the common
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features of these enzymes and the peculiarities of some of them
will be the main focus of this review.

THE DIVERSITY OF RESTRICTION
ENDONUCLEASES

The main criterion for classifying a restriction endonuclease as
a type II enzyme is that it cleaves specifically within or close to
its recognition site and that it does not require ATP hydrolysis
for its nucleolytic activity.

The orthodox type II restriction endonuclease is a
homodimer of ∼2 × 30 kDa molecular mass, which recognizes
a palindromic sequence 4–8 bp in length, and in the presence of
Mg2+ cleaves the two strands of the DNA within or immediately
adjacent to the recognition site to give a 5′-phosphate and a 3′-OH
end. Typical representatives (Table 1) are EcoRI (which
produces sticky ends with 5′-overhangs) (13), EcoRV (which
produces blunt ends) (14) and BglI (which produces sticky
ends with 3′-overhangs) (15).

Many type II restriction endonucleases do not conform to
this narrow definition, making it necessary to define subdivisions.
A new nomenclature for these heterodox type II restriction
endonucleases (Table 1) has recently been proposed
(R.Roberts, personal communication).

Type IIS restriction endonucleases recognize asymmetric
sequences and cleave these sequences at a defined distance
(reviewed in 16), for example FokI. Until recently it was
believed that these enzymes function as monomers. However,
it is now clear from studies on FokI that it dimerizes on the
DNA and this may be a more general phenomenon (17).

Type IIE restriction endonucleases interact with two copies
of their recognition sequence, one being the target for
cleavage, the other serving as allosteric effector (18), for
example NaeI.

Type IIF restriction endonucleases are similar to type IIE
enzymes, in as much as they interact with two copies of their
recognition sequence. They differ from the type IIE enzymes
in that they cleave both sequences in a concerted reaction (19),
for example NgoMIV.

Type IIT restriction endonucleases are composed of two
different subunits, for example Bpu10I and BslI. Bpu10I recog-
nizes an asymmetric sequence and functions as a heterodimer
(αβ) in which both subunits presumably have one active site
(20). BslI recognizes a palindromic sequence and functions as
a heterotetramer (α2β2) (21).

Type IIB restriction endonucleases cleave DNA at both sides
of the recognition sequence, for example BcgI which recog-
nizes an asymmetric sequence, or BplI which recognizes a

Table 1. Nomenclature of type II restriction endonucleases

aRestriction endonucleases whose crystal structure is known are depicted in bold letters.
bThe site of cleavage is indicated by ↓.

Subtype Characteristic feature Examplea Recognition sequenceb

Orthodox Palindromic recognition site, which is recognized
by a homodimeric enzyme, cleavage occurs within
or adjacent to the recognition site

EcoRI G↓
C

A
T

A
T

T
A

T
A↑

C
G

EcoRV G
C

A
T

T↓
A↑

A
T

T
A

C
G

BglI G
C

C
G

C
G

N
N↑

N
N

N
N

N↓
N

N
N

G
C

G
C

C
G

Type IIS Asymmetric recognition site with cleavage
occuring at a defined distance

FokI G
C

G
C

A
T

T
A

G
C

N9↓
N9

N
N

N
N

N
N

N
N↑

Type IIE Two sites required for cleavage,
one serving as allosteric effector

NaeI G
C

C
G

G↓
C↑

C
G

G
C

C
G

Type IIF Two sites required for cleavage, both sites
are cleaved in a concerted reaction by a
homotetrameric enzyme

NgoMIV G↓
C

C
G

C
G

G
C

G
C↑

C
G

Type IIT Different subunits with restriction and modification
activity

Bpu10I C
G

C↓
G

T
A

N
N

A
T↑

G
C

C
G

BslI C
G

C
G

N
N

N
N↑

N
N

N
N

N↓
N

N
N

N
N

G
C

G
C

Type IIG One polypeptide chain with restriction and
modification activity

Eco57I C
G

T
A

G
C

A
T

A
T

G
C

N14
N14↑

N
N

N↓
N

Type IIB Cleavage on both sides of the recognition site BcgI N
↑N

N↓
N

N10
N10

C
G

G
C

A
T

N6
N6

T
A

G
C

C
G

N10
N10↑

N
N

N↓
N

BplI N
↑N

N4↓
N4

N8
N8

G
C

A
T

G
C

N5
N5

C
G

T
A

C
G

N8
N8↑

N4
N4

N↓
N

Type IIM Methylated recognition site DpnI G
C

mA↓
T ↑

T
µA

C
G
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symmetric sequence. These enzymes are composed of
different subunits (BcgI, α2β; BplI, αβ) and have restriction
and modification activity. They require the presence of
AdoMet for restriction (22,23). For BcgI, it was shown that the
catalytic centers for restriction and modification are located in
the α-subunit, whereas the β-subunit harbors the target
recognition domain (24).

Type IIG restriction endonucleases like IIB enzymes are
stimulated by AdoMet but have both restriction and modifica-
tion activity present in a single polypeptide chain (25), for
example Eco57I.

Type IIM restriction endonucleases recognize methylated
DNA (26), for example DpnI.

Restriction endonucleases, like McrBC, also require a
methylated DNA substrate. They resemble type I and type III
enzymes in as much as they are dependent on nucleoside
triphosphate hydrolysis (GTP in the case of McrBC) for DNA
cleavage. Escherichia coli McrBC for cleavage requires two
C5- or N4-methylated (or C5-hydroxymethylated) PuC sites
(Pu = A or G), carrying at least one methyl group per half-site,
at a distance of 40 to ∼2000 bp (27). Cleavage occurs some-
where between the two sites (28). Whereas the McrB subunit is
responsible for DNA recognition (29) and GTP cleavage (30),
the McrC subunit harbors the catalytic center for phospho-
diester bond hydrolysis (U.Pieper and A.Pingoud, submitted).
The fact that McrBC requires GTP hydrolysis for cleavage
would also justify classifying it as a variant of the type III
enzymes. These restriction endonucleases have not been
included in Table 1 because they are dependent on nucleoside
triphosphate hydrolysis.

It is clear that this nomenclature does not do justice to
borderline cases. Consider for example FokI, the archetypal
IIS enzyme, which according to recent investigations could
also be considered a type IIE enzyme (192), as it requires
binding to a second recognition sequence. The recently discov-
ered restriction enzyme HaeIV like BcgI cleaves double-
stranded DNA on both sides of its recognition sequence, which
means that it should be classified as a type IIB enzyme. On the
other hand it harbors restriction and modification activity in
one polypeptide chain, making it similar to type IIG enzymes
but, in contrast, is not stimulated by AdoMet (31). Type IIT
enzymes were originally classified as similar to type IIS
enzymes that recognize an asymmetric sequence, but consist of
two different subunits. Only last year a type IIT enzyme was
discovered, BslI (21), that recognizes a palindromic sequence.
Of course, restriction endonucleases that do not fit into any of
these subdivisions will continue to be discovered. Eventually
this will lead to new subdivisions.

THE SIMILARITY OF RESTRICTION
ENDONUCLEASE STRUCTURES

With a few obvious exceptions of closely related isoschizomers,
like EcoRI and RsrI (recognizing G↓AATTC), MthT1, FnuDI
and NgoPII (recognizing GG↓CC), XmaI and Cfr9I (recognizing
CCC↓GGG), BanI and HgiCI (recognizing G↓GYRCC),
TaqI/TtHB8I (recognizing T↓CGA), BsoBI and AvaII (recog-
nizing C↓YCRG), to name a few that share between 50 and
80% identical amino acid residues, type II restriction enzymes
display little, if any, sequence homology, which had been
interpreted to mean that these enzymes are evolutionarily

unrelated (4,32). This conviction began to lose credibility by
the observation that there is a statistically highly significant
correlation between the genotype (amino acid sequence) and
the phenotype (recognition sequence, site of cleavage) of
restriction enzymes (33).

With the determination of more crystal structures it became
clear that all restriction endonuclease structures so far known
(Fig. 1) have a very similar core (34), including orthodox
restriction enzymes producing sticky ends with a 5′-overhang
(BamHI, BglII, EcoRI, MunI, BsoBI), sticky ends with a 3′-overhang
(BglI) or blunt ends (EcoRV, PvuII), as well as members of the
type IIS (FokI), type IIE (NaeI) and type IIF (Cfr10I, NgoMIV)
subdivisions (Fig. 1). This core consists of a five-stranded
mixed β-sheet flanked by α-helices, as first recognized by a
comparison of the structures of EcoRI and EcoRV (35).
Intriguingly, this core is also present in four other proteins with
an endonuclease function, namely λ-exonuclease (34,36),
MutH (37) which is involved in methyl-directed mismatch
repair, Vsr endonuclease (38) which is involved in the repair of
TG mismatches, and TnsA (39), one of two subunits of the Tn7
transposase. The conserved core harbors the catalytic center: it
brings into spatial proximity two carboxylates, typically one
aspartate and one glutamate or aspartate residue, and one
lysine residue.

The structural similarity of the type II restriction endonucleases
suggests that they indeed have a common, although distant,
ancestor. On the basis of a comparison of protein structures a
phylogeny of the restriction endonuclease superfamily was
proposed (40), with two main branches, one comprising BglI,
EcoRV and PvuII (as well as MutH and λ-exonuclease), the
other BamHI, Cfr10I, EcoRI and FokI. The distinction between
an EcoRI-like family and EcoRV-like family had been made
before and not only associated with similarities in structure but
also with similarities in function: EcoRI, like BamHI, binds the
DNA from the major groove side and produces sticky ends
with 5′-overhangs, whereas EcoRV, like PvuII, approaches the
DNA from the minor groove side and produces blunt ends.
This has consequences for the positioning of the two active
sites and, therefore, for the arrangement of the two subunits in
the homodimer. Thus, the nature of the cleavage pattern rather
than the DNA sequence recognized, appears to be the most
important constraint on the mode of dimerization of restriction
endonucleases (41).

Within the common core, characteristic for type II restriction
endonucleases, only four β-strands are absolutely conserved,
two of these strands (β2 and β3 in EcoRI; βd and βe in EcoRV)
contain the amino acid residues directly involved in catalysis,
the remaining ones may be critical for formation of the β-sheet
and the hydrophobic core. The other secondary structure
elements of the common core could have been altered during
divergent evolution (42). In this context, it was also observed
that the EcoRI and EcoRV families differ in the orientation of
a β-strand (β5 in EcoRI; βh in EcoRV), as noted before based
on a smaller data set (43).

Several restriction enzymes function as homotetramers. The
crystal structures of two of them, Cfr10I and NgoMIV, the
latter as an enzyme–product complex, were determined
(44,45). As expected from their function as type IIF enzymes,
they can be considered as dimers of dimers, with a back-to-
back orientation, which puts the DNA binding sites of the
primary dimers at opposite ends of the tetramer. In the
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NgoMIV tetramer, the dimers are rotated relative to each other
by ∼60° around their 2-fold axis, in Cfr10I the angle is more like
90°. In both cases, dimer–dimer contacts are extensive, the total
contact surface area between primary dimers being 3200 Å2

(NgoMIV) and 2300 Å2 (Cfr10I), respectively. As shown for
Crf10I, tetramerization nevertheless can be easily disrupted by
a single amino acid substitution at a strategic position in a loop
at the tetramer interface (44). This argues for a continuous
transition between type IIF enzymes and orthodox type II

enzymes, some of which, e.g. EcoRI (46), also tend to be
homotetramers at higher concentrations.

All restriction enzymes are composed of subdomains, one of
which constitutes the common core with the catalytic center.
The other subdomains, which are in part responsible for DNA
binding and dimerization, are more diverse in structure than
the catalytic core. Consider for example the related proteins
EcoRV (47) and PvuII (48). Both have an N-terminal dimerization
subdomain which in EcoRV is formed by a short α-helix, a

Figure 1. Crystal structures of specific restriction endonuclease–DNA complexes. The two subunits of the homodimeric restriction endonucleases are shown in
yellow and green (for the homotetrameric NgoMIV the individual subunits are colored yellow and green, purple and cyan), the DNA is shown in blue. In one
subunit the four strictly conserved β-strands (EcoRI: β1, β2, β3 and β4; EcoRV: βc, βd, βe and βg) and one α-helix (EcoRI: α2; EcoRV: αB) of the common core are
shown in red, in the other subunit the Cα-positions of the three essential amino acid residues of the PD . . . D/EXK motif are depicted as black spheres. For PDB
codes see Table 2.
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two-stranded antiparallel β-sheet, followed by a long α-helix,
while in PvuII it consists of a long α-helix connected via a loop
to a shorter α-helix. In spite of the difference in size of EcoRV
and PvuII, the dimerization interface is of similar size (2300 Å2).
BglI, which belongs to the same family as EcoRV and PvuII,
but recognizes an interrupted sequence (GCCNNNN↓NGGC)
and cleaves the DNA to produce sticky ends with 3′-overhangs,
has an usually large dimer interface (3100 Å2) in which one
‘side’ of each subunit is involved (49). In contrast, EcoRI (50)
and BamHI (51) have a very similar dimerization module, two
α-helices which in the dimer form a four-helix bundle. EcoRI
in addition has a small two-stranded antiparallel β-sheet, which
interacts with the symmetry related β-sheet of the other
subunit. Altogether, BamHI has a considerably smaller subunit
interface than EcoRI (800 versus 2600 Å2). BsoBI, which is
closely related to BamHI and EcoRI (as well as the tetrameric
Crf10I) but with a molecular mass of 36.7 kDa per subunit the
largest one of the three, has a large all helical subdomain fused
to the cleavage domain. This subdomain is closely associated
with the symmetry related other subdomain: between them
3500 Å2 of surface area is buried, whereas between the pair of
catalytic subdomains only 1000 Å2 is buried. With 4800 Å2

BsoBI has the largest subunit–subunit interface among the
dimeric restriction enzymes whose structure is known so far
(52). It must be emphasized that the principal functions of
restriction enzymes, namely dimerization, DNA binding and
DNA cleavage, are interwoven, which means that regions
involved in one function are often also of importance for
another function (see also Fig. 4).

The type IIS restriction endonuclease FokI has a two-domain
structure (53), a recognition domain comprising three smaller
subdomains which are structurally related to the helix–turn–helix
motif containing DNA binding domain of the catabolite gene
activator protein, and a cleavage domain which is similar to a
BamHI monomer. In the crystal, FokI is a dimer (54), in which
dimerization is mediated by the cleavage domain. The total
surface area buried in the dimer interface is unusually small
(800 Å2) which may explain why FokI is a monomer in
solution. Dimerization is required for DNA cleavage: presumably,
a FokI monomer binds DNA at its recognition site and then
recruits a second FokI monomer bound to another recognition
site to form a dimer which catalyzes cleavage at the first site
(17,54).

Another restriction endonuclease with a two-domain structure
is the homodimeric type IIE enzyme NaeI (42). One domain
(‘Endo’ domain) is structurally very similar to other type II
restriction endonucleases and is responsible for substrate
binding and cleavage as well as for dimerization, the other
domain (‘Topo’ domain) contains a helix–turn–helix motif,
similar to the catabolite gene activator protein, and presumably
harbors the effector DNA binding site of NaeI (42). It is likely
that this domain is also responsible for the topoisomerase
activity of the L43K variant of NaeI (55).

The unusually large amino acid sequence of some type II
restriction endonucleases suggest that they are composed of
more than one domain. EcoRII, for example, is a homodimer
with a subunit molecular mass of 45.6 kDa (56). Its enzymatic
activity depends on the simultaneous binding of two copies of
the recognition sequence (57), which means that it must have
two DNA binding sites: indeed, it was shown recently that
EcoRII like NaeI (58) induces loops in DNA containing two

recognition sites (59). This could be interpreted to mean that
EcoRII has a similar structural organization to NaeI, with one
active site and one allosteric site (60) or, although less likely,
two tightly coupled active sites as normally observed with type
IIF enzymes (61,62), which are homotetramers. Another
example of a large restriction endonuclease is Sau3AI, which
is a monomer with a molecular mass of 56.5 kDa (63).
Biochemical experiments demonstrate that it dimerizes on the
DNA and like a type IIE or F enzyme, requires two recognition
sites for efficient DNA cleavage (193). A remote sequence simi-
larity between the N- and C-terminal halves of Sau3AI suggests
that Sau3AI is a pseudodimer which dimerizes in the presence
of DNA and thus could be considered to be a pseudotetramer
in its active form. The gene for HgiDII codes for a protein of
68 kDa (64); inspection of the sequence revealed that it
contains in its N-terminal half all consensus elements
typically found in the GHKL family of ATPases, the
significance of this observation being unclear (P.Friedhoff,
personal communication).

THE INTERACTION OF RESTRICTION
ENDONUCLEASES WITH DNA

Restriction endonucleases interact with DNA in a complex
manner. Because of the large size of a normal DNA substrate
the reaction of a restriction enzyme with DNA cannot be
simply formulated as a sequence of two or three steps. Figure 2
presents a minimal scheme for the individual steps involved in
DNA cleavage by a type II restriction endonuclease. The
reaction cycle starts with non-specific binding to the macro-
molecular DNA, which is followed by a random diffusional
walk of the restriction endonuclease on the DNA. If a recog-
nition site is not too far away from the initial site of contact it
will most likely be located within one binding event. At the recog-
nition site, conformational changes take place that constitute
the recognition process and lead to the activation of the
catalytic centers. After phosphodiester bond cleavage in both
strands the product is released, either by direct dissociation of
the enzyme–product complex or by a transfer of the enzyme to

Figure 2. Schematic illustration of the steps involved in DNA binding and
cleavage by type II restriction endonucleases.
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non-specific sites on the same DNA molecule. Often this step
is rate limiting for DNA cleavage by restriction enzymes under
multiple turnover conditions. In the following sections we will
deal with the individual steps of this reaction cycle.

DNA BINDING AND TARGET SITE LOCATION

All restriction endonucleases bind DNA not only specifically
but also, with considerably weaker affinity, non-specifically,
similar to other proteins that recognize a specific DNA sequence
(65). Upon non-specific complex formation, counterions and
water molecules are released from the protein–DNA interface
(66), which because of the associated favorable entropy
changes balances the unfavorable loss of translational and
rotational entropies of the protein and DNA upon complex
formation. Protein–phosphate contacts on the other hand will
lead to positive enthalpy changes. For EcoRI (67) and EcoRV
(68) it has been shown by analyzing osmotic pressure effects
on DNA binding that non-specific complex formation is
accompanied by a release of 70–80 water molecules.

It is likely that upon non-specific DNA binding conformational
changes occur, mainly in the protein, which will lead to an
adaptation of the surface of the two macromolecules as is
apparent from structural studies on EcoRV (47) and BamHI
(69). Figure 3 shows the structures of EcoRV and BamHI

together with the structures of their non-specific and specific
DNA complexes. For EcoRV it is obvious that the enzyme has
to open its DNA-binding site, which requires a conformational
transition that presumably is triggered by a transient contact
between the outer sides of the C-terminal arms of EcoRV and
the DNA (70) and that allows the DNA (non-specific or
specific) to enter the binding cleft. A similar mechanism of
DNA binding has been discovered recently for the T7 helicase–
primase protein (71). A region at the floor of the DNA binding
site of EcoRV (the Q-loop), which is disordered in the free
enzyme, becomes ordered in the non-specific complex. The
stable non-specific complex differs from the specific complex
by being less compact and having a much smaller protein–
DNA contact surface: 1370 versus 2173 Å (47). No base
contacts are seen in the non-specific complex; DNA backbone
contacts are fewer in numbers and differ substantially from
those observed for the specific complex. For BamHI, it seems
as if major conformational transitions are not required to allow
access of the DNA to the DNA binding cleft. Nevertheless,
DNA binding is accompanied by an induced fit, as a large
segment at the floor of the DNA binding site (residues 79–92),
which is disordered in the free enzyme, becomes ordered in the
non-specific complex. It is intriguing to note that no base-
specific contacts and no direct DNA backbone contacts are
seen in the non-specific complex, only a few water-mediated

Figure 3. Comparison of the crystal structures of the free enzyme, the non-specific and the specific DNA complex for the restriction endonucleases EcoRV and
BamHI. The two subunits are shown in red and green, the DNA in blue. For EcoRV, the DNA is also shown viewed along the dyad axis to demonstrate the absence
of bending in the non-specific complex and the presence of bending in the specific complex. PDB code numbers are: EcoRV (1RVE), non-specific complex
(2RVE), specific complex (4RVE); BamHI (1BAM), non-specific complex (1ESG), specific complex (1BHM). It is apparent that large conformational changes
take place when the free enzymes bind to non-specific DNA and to specific DNA, respectively. In the case of EcoRV, these conformational changes include the
DNA which is bent by 50° in the specific complex. It is noteworthy that in the specific complex the DNA is almost completely encircled which gives the specific
complex a more compact appearance compared to the non-specific one.
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contacts even though the non-specific DNA used in the co-
crystallization experiment differed only in one base pair from
the specific DNA sequence (69). As observed with EcoRV, the
non-specific BamHI–DNA complex is more open and less
compact than the specific complex.

Non-specific DNA binding is the prerequisite for one-
dimensional diffusion of proteins along DNA (72). The
structures of the non-specific complexes of EcoRV and BamHI
‘provide remarkable snapshots of enzymes poised for linear
diffusion (rather than cleavage)’ (69), the enzymes being only
loosely bound to the DNA and their catalytic centers at a safe
distance from the phosphodiester backbone. One-dimensional
diffusion is defined as translocation along a DNA molecule,
which does not involve a true free state of the protein: it
includes sliding (i.e. a helical movement due to tracking along
a groove of the DNA), hopping (i.e. a movement more or less
parallel to the DNA, during which the protein does not leave
the ‘DNA domain’) as well as intersegment transfer (which
requires two DNA binding sites on the protein) (72–74). It has
been shown for EcoRI and EcoRV that sliding is the most
important process in target site location (75,76). Leaving the
target site after DNA cleavage might involve either sliding or
hopping (77,78). The biological significance of linear diffusion
is obvious. It can accelerate target site location, as shown for
EcoRI (75,79,80), BamHI (80,81), HindIII (80), EcoRV
(76,82,83) and BssHII (84), it can increase processivity as for
example shown for EcoRI (85) or EcoRV (78) and it can
accelerate the dissociation from the specific site after cleavage,
as is the case for EcoRI (79). Under optimum conditions,
restriction endonucleases can scan ∼106 bp in one binding
event. As this scan is a random walk, the effective sliding
distance is much shorter, ∼1000 bp, as shown for EcoRI and
EcoRV (75,76,80). During linear diffusion, EcoRI follows the
helical pitch of the DNA, does not overlook any recognition
site on its route and pauses at sites that resemble the recognition
site; proteins firmly bound to DNA or unusual DNA structures
constitute ‘road blocks’ (75). The ionic milieu, in particular the
Mg2+ concentration, has a strong influence on the effective
sliding distance, as shown for EcoRI (85) and EcoRV (76). It
must be emphasized that linear diffusion is not just a test tube
curiosity but a process of importance in vivo (83,86), because
the biological function of many enzymes acting on DNA
requires fast target site location.

DNA RECOGNITION

Restriction endonucleases while linearly diffusing along the
DNA must constantly scan the major groove, possibly also
the minor groove, for recognition elements at the edges of the
bases. Coming into contact with some idiosyncratic features of
the DNA backbone and the bases, characteristic for the recog-
nition sequence, triggers the highly cooperative conversion of
a non-specific to a specific complex, which requires major
conformational changes of both the protein and the DNA, as
well as the expulsion of solvent molecules from the interface to
allow for more intimate contacts. For EcoRI it was shown that
altogether about 150 water molecules are released upon
specific DNA binding (67), much more than upon non-specific
binding (87). Interestingly, binding of BamHI to its cognate
sequence is accompanied by the release of a somewhat smaller
number of solvent molecules (88). Whereas non-specific DNA

binding by EcoRI and BamHI has a ∆Cp° ≈ 0 and is enthalpy
driven, specific DNA binding by these enzyme has a ∆Cp° < 0.
Depending on temperature, specific binding is enthalpy or
entropy driven (89).

The EcoRV system provides an excellent and so far unique
example among type II restriction endonuclease of a major
protein-induced conformational change of the DNA. In the
specific complex the DNA is bent by ∼50° (compared with
little if any bending in the non-specific complex), as determined
both in the crystal (47) and in solution (90–92). This angle varies
somewhat, depending on the crystal form, the particular oligo-
deoxynucleotide and EcoRV variant used for the co-crystallization
(93) (see also Fig. 6). Bending of the DNA is largest at the
central TA step, which leads to an unstacking of the bases,
widening of the minor groove with a concomitant compression
of the major groove, which most importantly brings the scissile
phosphates deeper into the active site. It is interesting that the
DNA bend is preserved in the product complex (94) as well as
in a quasi-product complex in which the 5′-phosphate is missing
at the site of cleavage (95), indicating that the continuity of the
phosphodiester bond is not required for bending. In this
context it is worth mentioning that chemically modified oligo-
deoxynucleotide substrates (in which G is replaced by inosine
and C by 5-methyl cytosine) are bent to a similar extent as the
corresponding unmodified oligodeoxynucleotide (96) and that
in the crystal, bending is also observed in the absence of
divalent cations (47). This means that bending is required but
not sufficient for DNA recognition.

Another example of DNA bending in the specific complex,
although not as pronounced as with EcoRV, is provided by the
EcoRI (97) and MunI systems (98). For both enzymes, which
recognize the same AATT core sequence in their hexanucleotide
recognition sequence (G↓AATTC and C↓AATTG, respectively),
a central kink is observed, accompanied by unwinding of the
DNA. A similar but more localized unwinding and a similar
overall bending but without a central kink of the DNA has been
observed in the specific BglII–DNA complex (99). In contrast,
BamHI, which recognizes the same GATC core sequence
within its hexanucleotide recognition sequence as BglII
(G↓GATCT and A↓GATCT, respectively), does not bend,
kink or unwind the DNA significantly (100). Whereas no
major DNA distortion is observed for PvuII (43) which like
EcoRV is a blunt end cutter, BglI (49) which is a sticky end
cutter leaving 3′-overhangs, bends the DNA by ∼20°, more or
less smoothly without major kinks, the largest deviations from
B-form DNA being seen in the two recognition half-sites of the
interrupted GCCN4↓NGGC recognition sequence. Also, for
the most recently reported structure of a specific restriction
enzyme–DNA complex, BsoBI (52), no pronounced DNA
bending is observed; however, slight deviations from canon-
ical B-form exist: the DNA is extended and undertwisted,
making the major and minor groove wider and more shallow.

Taken together, no generalization can be made for the kind
and extent of distortion type II restriction enzymes induce in
their DNA substrate. In general, however, the local helical
parameters of the DNA in the specific complex differ from
ideal B-DNA parameters (or where it is known from the helical
parameters of the specific oligodeoxynucleotide used in the
co-crystallization). It is important to note that distortions are
an intimate part of the recognition process. In a few instances
this has been experimentally verified by facilitating such a
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distortion using chemically modified substrates or substrate
analogs, for example EcoRV (101), and demonstrating that
they are bound more firmly than the natural (undistorted in the
free state) substrate.

For EcoRV (47,93–95,102,103) and BamHI (69,100) the
structural changes occurring in the protein during the transition
from the non-specific complex to the specific complex are
known from detailed crystallographic analyses (Fig. 3). In
EcoRV correlated movements of the protein occur in concert
with the binding and unwinding of the DNA (93). These move-
ments are characterized by a translation and rotation of the
long B-helices as well as a rotation of the DNA binding
domains by ∼25°; they lead to an induced fit of the protein
around the DNA substrate. Of particular importance is the
ordering of the recognition loop, which appears to be largely
unstructured in the non-specific complex and becomes structured
only in the specific complex. It is responsible for making all
base-specific contacts in the major groove and presumably is
part of a communication network between the two identical
subunits which have to act in concert to achieve double-strand
cleavage in one binding event (104). The specific complex is
more compact than the non-specific one, mainly because of the
rotation of the DNA binding domains which brings these two
domains closer together and allows them to encircle the DNA
almost completely (Fig. 3).

The conformational changes that BamHI undergoes in the
transition from non-specific to specific DNA binding are very
different from those observed for EcoRV, in spite of the fact
that in both cases the binding cleft is wider in the non-specific
complex than in the specific complex and that the specific
complex is more compact than the non-specific complex. The
more compact structure of the specific BamHI–DNA complex
is in part due to the fact that a segment of the protein is ‘pushed
back’ into the protein core by the specific DNA, while the
same segment is located in the binding cleft in the non-specific
DNA complex. Whereas the non-specific BamHI–DNA
complex (69) preserves the 2-fold symmetry of the free
enzyme (51), the specific complex is characterized by a
pronounced asymmetry (100), produced by the unfolding of
the C-terminal α-helix in both subunits and the insertion of the
unfolded polypeptide segment in one subunit only in an
extended conformation into the minor groove of the DNA,
while in the other subunit the unfolded polypeptide makes a side-
by-side contact with the phosphodiester backbone (Fig. 3).
Furthermore, whereas in the non-specific complex the DNA is
only loosely bound within the cleft formed by the two subunits
such that it protrudes out of the cleft (more so than with
EcoRV), in the specific complex it is almost surrounded by the
enzyme (like in EcoRV). Another remarkable difference
between the specific and the non-specific complex concerns
the orientation of the DNA relative to the two subunits of
BamHI. In both complexes, the 2-fold axis of the dimeric
protein coincides with the 2-fold axis of the DNA. However,
compared with the non-specific complex, the enzyme is tilted
about this axis by ∼20°, resulting in a different contact area at
the periphery of the DNA binding site in the non-specific and
the specific complex (69).

Given the fact that at present only in two systems, EcoRV
and BamHI, can a comparison be made between the non-
specific and the specific complex, only very general statements
can be made regarding the structural changes accompanying

the transition from non-specific to specific binding. Because of
the similarities in function it is likely for all type II restriction
endonucleases that the specific complex will be more compact
than the non-specific one, in order to allow for a tighter contact
between enzyme and substrate. Presumably, this will be
achieved by a reorientation of the two subunits towards each
other and the DNA, which will lead to a compaction of the
DNA binding site and a more or less complete encircling of the
DNA. The re-orientation can be substantial, as is apparent
from the comparison of the structures of BglII in the free (105)
and bound state (98): to bind DNA, the enzyme has to open by
a ‘scissor-like’ motion of the subunits parallel to the DNA
helix axis, which is accompanied by a complete rearrangement
of the α-helices at the dimer interface. In contrast, in EcoRV
and BamHI opening the binding cleft is achieved essentially by
a motion of the subunits in a direction perpendicular to the
helix axis.

There is an interesting difference between EcoRV on one
side and BamHI as well as most of the other restriction endo-
nucleases on the other side, including EcoRI. EcoRV requires
the presence of Mg2+ (106) or Ca2+ (91) for specific binding. In
the presence of EDTA, EcoRV in a gel electrophoretic
mobility shift assay produces multiple bands, whose concen-
tration-dependent distribution demonstrates that this enzyme
binds all DNA sequences with similar affinity (82), a conclusion
that was challenged (107), and then confirmed by binding
studies with oligodeoxynucleotides in solution (108). In a
more recent study, the preference of EcoRV for its cognate
sequence in the absence of divalent cations was shown to be
within a factor of 10 at neutral pH (109), in agreement with
results obtained previously for wild-type EcoRV (110) and an
EcoRV variant (111). Similar results were reported for PaeR7
(112), TaqI (113), Cfr9I (114), BcgI (115), MunI (116), Cfr10I
(117) and BglI (118), which also require Ca2+ (as a substitute
for Mg2+) for specific binding. For MunI it was shown that this
requirement could be relaxed by protonation or substitution of
the active site carboxylates (119), indicating that the divalent
cation is required to decrease the electrostatic repulsion
between the protein and the DNA at the active center. For
EcoRV, additional Mg2+ binding sites outside the catalytic
center are required for specific binding, as the substitution of
the active site carboxylates does not alleviate the Mg2+-
dependence of specific binding (111). We suggest, therefore,
that for some restriction endonucleases Mg2+ (or other divalent
cations) is involved in the recognition process, not only in the
transition state, where its contribution is obvious, but also for
preferential and strong (i.e. specific) binding of the recognition
sequence. That restriction endonucleases have additional
divalent metal ion binding sites already in the absence of DNA
has been shown by metal ion mapping experiments for TaqI
(120) and by crystallography for PvuII near Tyr94 (M.Kokki-
nidis, personal communication). This residue has been
discussed previously as being involved in metal ion posi-
tioning on the basis of a PvuII mutant–DNA co-crystal struc-
ture (121). The Tyr94 site of PvuII is only seen with Mg2+

soaked into the crystals and not with Mn2+, which may explain
why this site was not seen in the metal ion mapping experi-
ments carried out with Fe2+ (122). In the presence of the DNA
substrate more divalent metal ion binding sites may appear, as
has been shown by crystallography and biochemical studies for
EcoRV at position His71, His193 and a phosphodiester group



Nucleic Acids Research, 2001, Vol. 29, No. 18 3713

within the recognition site (GpATATC), respectively (93,111)
(F.Winkler, personal communication). Figure 6 gives a compi-
lation of all metal ion binding sites observed in EcoRV so far
illustrating that the interaction of a restriction enzyme with
metal ions must be considered a very complicated issue. It is
interesting to note that restriction enzymes that do not require
divalent cations for specific DNA binding, like EcoRI, can be
made dependent on divalent cations by introducing amino acid
substitutions in critical positions. The EcoRI K130A or E and
R131E variants behave like EcoRV in requiring Ca2+ for
specific binding (123). This argues against a fundamental
difference between enzymes that achieve specificity already at
the binding step (in the absence of Mg2+) or only in the
catalytic step (in the presence of Mg2+).

Since 1997, when we discussed the recognition process for
EcoRI, EcoRV, BamHI and PvuII (for details see 10), six more
co-crystal structures of specific restriction endonuclease–DNA
complexes were determined: FokI (53), BglI (49), MunI (98),
BglII (99), NgoMIV (45) and BsoBI (52).

FokI

FokI, a type IIS enzyme recognizes the asymmetric sequence
GGATG and makes a staggered cut 9 and 13 nt, respectively,
downstream of the recognition sequence, after dimerization on
the DNA via its cleavage domain (17,54). FokI approaches the
DNA from the major groove side and appears to surround the
DNA. The recognition domain consists of three subdomains
(D1, D2 and D3), which all contain a helix–turn–helix motif
and are similar to the DNA binding domain of the catabolite
gene activator protein. DNA recognition is based on two
modules: subdomain D1, which covers the major groove at the
3′-end of the recognition sequence (GGATG), and subdomain
D2, which contacts the 5′-end of the recognition sequence
(GGATC). Subdomain D3 is not involved in protein–DNA but
rather in protein–protein interactions. FokI, like all other
restriction endonucleases, makes extensive interactions to all
bases of the recognition sequence: almost all hydrogen-bond
acceptors and donors at the edges of the bases in the major
groove are involved in direct contacts with the protein.

BglI

BglI, an orthodox type II enzyme, recognizes the sequence
GCCN5GGC and cleaves between the fourth and fifth unspecified
nucleotide to produce 3′-overhanging ends. BglI approaches
the DNA from the minor groove side (Fig. 1), similarly to
EcoRV and PvuII with which it shares many structural
features, in spite of the fact that the two subunits are arranged
differently than in these two proteins in order to accommodate
the unspecified sequence between the two recognition half-
sites and to produce the different cleavage pattern (3′-over-
hangs versus blunt ends). Due to the long distance between
both recognition half-sites, each subunit of BglI contacts only
one half-site and cleaves close to it: there is no cross-over
mode of recognition, as observed for most of the other type II
restriction endonucleases and argued to be beneficial for
concerted double-strand cleavage (10). This might be achieved
in this case solely by the extensive hydrogen-bonding network
that connects the catalytic centers of the two subunits. BglI
makes base contacts predominantly in the major groove. The
unspecified 5 bp between the two half-sites are contacted at the
sugar–phosphate backbone. The base contacts in the major

groove involve amino acid residues located on or near to a
small three-stranded β-sheet (‘recognition sheet’), in a topo-
logically similar location as observed for EcoRV and also
PvuII (Fig. 4). Per recognition site there are 16 direct hydrogen
bonds and two water-mediated ones, which saturates the
hydrogen-bonding potential in the major groove. Moreover,
there is one direct and several indirect, i.e. water-mediated,
contacts to the bases from the minor groove side. In addition to
these base contacts (direct readout), there are numerous back-
bone contacts (indirect readout); altogether 17 direct and 21
water-mediated hydrogen bonds per subunit to the DNA
phosphates.

MunI

MunI recognizes the sequence C↓AATTG. The core sequence
AATT as well as the cleavage pattern is the same as that for
EcoRI. This and the identification of local sequence similarities,
which concern structural elements of EcoRI involved in recog-
nition and cleavage, led to the suggestion that MunI might
employ a similar mechanism for DNA recognition and
cleavage (124). The determination of the co-crystal structure of
the specific MunI–DNA complex confirmed this proposition
(Figs 1 and 4) and thereby provides the first example in which
two restriction enzymes contact common parts of their recog-
nition sequence by homologous structural elements. MunI, like
EcoRI, approaches the DNA from the major groove side and
distorts the DNA in a similar manner as EcoRI. MunI makes
base contacts only in the major groove. There are altogether
16 hydrogen bonds to the edges of the bases and six van der
Waals contacts per hexanucleotide recognition site. The outer
GC base pair is contacted by Arg115, which has no counterpart
in EcoRI. The AATT core sequence is recognized by amino
acid residues located on one segment (Arg115 to Arg121),
which in its topological location and function has a correlate in
EcoRI, where it is responsible for the recognition of the same
core sequence (AATT). In addition to base-specific contacts,
numerous contacts exist between the sugar–phosphate back-
bone of the DNA and the protein, extending to two phosphate
residues outside of the recognition sequence. These contacts
come from several regions of the protein, which in part are also
involved in base contacts. Thus, direct and indirect readout are
interwoven. Some of these contacts are very similar to those
observed previously in the EcoRI–DNA complex and they are
considered to stabilize the distorted DNA conformation
(50,125). Thus, not only are there common features in base
recognition between EcoRI and MunI, but also in backbone
recognition (see also 126). Deibert et al. (98) suggest that this
finding may eventually be extended to ApoI, which recognizes
and cleaves the sequence Pu↓AATTPy.

BglII

BglII recognizes and cleaves the sequence A↓GATCT, which
closely resembles the recognition sequence of BamHI
(G↓GATCC). The determination of the co-crystal structure
(Fig. 1) of a specific BglII–DNA complex (99) allowed for a
comparison of the strategies employed for recognition (see
also 126). Although the enzymes have a similar core structure,
there are remarkable differences in the way these two enzymes
interact with their substrate. The most obvious difference
regarding the mode of recognition is that in BglII the core
structure is augmented by a β-sandwich subdomain that fully
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encircles the DNA and is responsible for the minor groove
contacts as well as some of the backbone contacts. Different
from the EcoRI/MunI systems, BamHI and BglII, which also
share a common tetranucleotide in their respective hexanucleo-
tide recognition sequences, interact with this tetranucleotide
sequence differently and—with one exception (Asn140 and
Ser141 in BglII correspond to Asp154 and Asp155 in BamHI,
both recognizing the respective outer base pairs)—use
different structural elements for recognition (Fig. 4). Although
BglII (like BamHI) approaches the DNA from the major
groove side, contacts are also made to the edges of the bases in

the minor groove. Three loops are responsible for all base
contacts: Asn140 and Ser141 (loop C) recognize via their side
chain functions the first TA base pair and the C of the second
CG base pair. The G of the second base pair is contacted by
water-mediated bidentate hydrogen bonds from Asn98 (loop
B). The T of the third TA base pair is recognized by Tyr190 of
one subunit (loop D), and the A by Ser97 of the other subunit
(loop B). There are in addition four more water-mediated
hydrogen bonds between the minor groove face of the bases
and Tyr190 and Arg192. Altogether there are 14 hydrogen
bonds to the major groove and five hydrogen bonds to the
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minor groove. There is a pronounced intertwining of the
recognition of the two strands/two halves of the recognition
sequence on one side and the two subunits on the other side.
Numerous interactions exist between the protein and the DNA;
they extend by two phosphate residues beyond the recognition

sequence. Altogether there are 28 backbone contacts, 20 of
them are water-mediated.

BsoBI

BsoBI recognizes the degenerate sequence C↓PyCGPuG. A
remarkable feature of the co-crystal structure of the specific
BsoBI–DNA complex is the complete encirclement of the
DNA by the protein to form a 20 Å long ‘tunnel’ (52). Approxi-
mately 3800 Å2 of the solvent accessible surface of the enzyme
and the DNA are buried in the protein–DNA interface (Fig. 1
and Table 2). As expected from its mode of cleavage, BsoBI
approaches the DNA from the major groove side. Each subunit
interacts with each recognition half-site and makes base-
specific contacts in the major and minor grooves. The outer
and inner CG base pairs are involved in several hydrogen
bonds to the protein. Of particular interest is how this enzyme
manages to accept a CG or TA and GC or AT base pair in the
second and fourth position of the recognition sequence. This is
now understood in structural terms because this PyPu base pair
is involved in only one direct hydrogen bond between Lys81
and the N7 of the purine (A in the co-crystal structure), and in
one water-mediated bidentate hydrogen bond between Asp246
and N7 of the purine as well as the substituent in position 6 of
the purine (N6 of A in the co-crystal structure). In addition to
these 22 hydrogen bonds to the bases, several van der Waals
contacts to the bases exist as well as 64 hydrogen bonds (24
water-mediated) to the backbone per site. The backbone
contacts extend to two residues to the left and right of the
recognition sequence.

NgoMIV

For NgoMIV only the structure of the enzyme–product
complex has been determined (45). It is likely that many of the
sequence-specific contacts required for the recognition of the
substrate are preserved in the enzyme–product complex (as is
the case in the EcoRV and BamHI systems). NgoMIV
approaches the DNA from the major groove side and makes
most of the base-specific contacts in the major groove of the
target sequence recognized (G↓CCGGC). One subunit forms
hydrogen bonds to the GCC half-site in the major groove,
while the neighbor subunit forms a hydrogen bond to the C of
the outer GC base pair in the minor groove. Base-specific
contacts come from three structural elements, namely loops
preceding α-helix 2, 7 and 8 (Fig. 4). It is noteworthy that three
neighboring amino acids (Arg191, Asp193, Arg194) make all
possible hydrogen bonds to the two adjacent GC base pairs in
the major groove. Altogether there are 18 direct and two water-
mediated hydrogen bonds to the bases of the NgoMIV recogni-
tion sequence. Interestingly, there is a hydrogen bond contact
from Ser36 to the C on the 5′-side of the sequence, which may
explain the flanking sequence preference of NgoMIV. In
addition to the base-specific contacts, numerous contacts to the
sugar–phosphate backbone exist, mainly from the other
subunit, such that direct readout for which one subunit is
responsible is interwoven with indirect readout for which the
other subunit is responsible. Altogether, there are six direct and
eight water-mediated contacts to the DNA–phosphates.

The region from Arg191–Arg194 (RSDR) has a structural
equivalent in Cfr10I (RPDR), which recognizes a similar
recognition sequence as NgoMIV (compare Pu↓CCGGPy with
G↓CCGGC) and also has a Glu residue six residues away

Figure 4. (Opposite and above) The topologies of selected type II restriction endo-
nucleases to illustrate similarities of architecture and to identify functionally
important regions. Shown are the secondary structure diagrams for those restriction
enzymes for which crystal structures of specific enzyme–DNA complexes have been
determined (see Fig. 1). The elements comprising the common core are indi-
cated in blue. Catalytically important amino acid residues are marked with a
cross and those involved in contacts to the bases are marked with black filled
circles. Regions involved in dimerization contacts are colored red. The num-
bering scheme is that of the respective crystallographers. The large helical N-
terminal domain of BsoBI is not included in the diagram.
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which is part of the catalytic center of NgoMIV (45). It is very
likely that the recognition of the adjacent GG sequence is done
by Crf10I using the equivalent residues as in NgoMIV. One
possibly could extend this suggestion to other restriction
endonucleases that recognize adjacent GC base pairs (Table 3).
In the lack of structural data or a detailed mutational analysis
this is speculative. For some of these enzymes, for example
SsoII (V.Pingoud, personal communication), biochemical
evidence exists that the RXXR motif plays an important role in
DNA binding.

The increasing numbers of co-crystal structures available for
specific restriction endonuclease–DNA complexes and comple-
mentary biochemical studies allows us to make generalizations
regarding the mechanism of DNA recognition. (i) Enzymes
that produce blunt ends or sticky ends with 3′-overhangs
approach the DNA from the minor groove side, whereas
enzymes that produce sticky ends with 5′-overhangs contact
the DNA from the major groove side. (ii) DNA binding is
accompanied by more or less pronounced distortions of the
DNA and conformational adaptations of the enzyme, which in
many cases lead to a partial encircling of the DNA by the
protein. (iii) Specific DNA binding is accompanied by the
release of counter ions and partial dehydration of the enzyme

and the DNA at the protein–DNA interface. (iv) Enzymes that
produce blunt ends or sticky ends with 3′-overhangs mainly
use a β-strand and β-like turn for DNA recognition. In contrast,
enzymes that produce sticky ends with 5′-overhangs mainly
use an α-helix and a loop. (v) Recognition is achieved by direct
and indirect readout, i.e. base contacts, and backbone contacts,
respectively. Contacts to the bases are predominantly in the
major groove and usually exhaust the hydrogen bonding
potential in the major groove. This means that a hexanucleo-
tide sequence is recognized by ∼20 hydrogen bonds to the
bases of the recognition sequence. Interactions with the back-
bone are often water-mediated. (vi) Individual recognition
modules (short sequence motifs) begin to show up that are used
by different restriction endonucleases to recognize common
parts in similar recognition sites.

COUPLING BETWEEN RECOGNITION AND
CATALYSIS

Specific DNA binding by restriction endonucleases is defined
as strong and, more importantly, preferential binding to the
recognition site. Its outcome is what we usually see in the
co-crystal structures or what we measure in binding experiments
(including footprinting and crosslinking experiments).
Specific binding does not necessarily mean recognition that is
defined operationally, i.e. by the reaction that follows. By this
definition the co-crystal structures of the specific restriction
endonuclease–DNA complexes only mimic the recognition
complex. In a similar argument, the results of binding experiments
only address the mechanism of specific binding and not in the
strictest sense the mechanism of recognition. Nevertheless,
there is no doubt that the investigation of specific binding helps
to understand recognition, presumably because the enzyme–
substrate complex (studied in the absence of Mg2+ or in the
presence of Ca2+) as well as the enzyme–product complex
(studied in the presence of Mg2+, after turnover) is very similar
to the ground state complex in the presence of Mg2+. In this
context it is important to note that the discrimination between
specific and non-specific sites requires multiple contacts to be
formed between enzyme and substrate. In order to prevent

Table 2. Overview of co-crystal structures determined for enzyme–substrate complexes of orthodox type II restriction endonucleases

aWhere more than one co-crystal structure has been determined only the first high resolution structure is given.
bDetermined by the Connolly method (188) using a probe with a radius of 1.4 Å. Note that this method yields different results from other methods used in the literature.
The dimerization interface is defined by: 2 × surface monomer – surface dimer. The protein–DNA interface is defined by: surface dimer + surface DNA – surface enzyme–DNA complex.
cTetramerization interface (A2). Tetramerization interface is defined by: 4 × surface monomer – surface tetramer.

EcoRI EcoRVa BamHI PvuIIa BglI MunI BglII NgoMIV BsoBI

Recognition sequence G↓AATTC GAT↓ATC G↓GATCC CAG↓CTG GCCN4↓NGGC C↓AATTG A↓GATCT G↓CCGGC C↓PyCGPuG

PBD code 1ERI 1RVB 1BHM 3PVI 1DMU 1DO2 1DFM 1FIU –

Length of DNA (bp) 13 11 12 13 17 10 16 11 12

R-factor (%) 17.0 16.5 18.9 20.5 17.7 18.0 19.2 17.4 19.0

Resolution (Å) 2.7 2.1 2.2 1.6 2.2 1.7 1.5 1.6 1.7

Protein–DNA interface (Å2)b 2200 2400 2000 1800 3300 1300 2800 2100 3800

Dimerization interface (Å2)b 2600 2300 800 2300 3800 2500 780 1000
(10 800c)

2800

Table 3. Type II restriction endonucleases having recognition sequences with
adjacent G residues and harboring a RXXR motif

Enzyme RXXR Recognition sequence

NgoMIV K187X3RSDRX6E G/CCGGC

Cfr10I K190X3RPDRX6E R/CCGGY

BsrFI K198X3RPDRX6E R/CCGGY

SgrAI K242X3RSDRX6E CR/CCGGYG

EcoRII K324X3K-DRX6E /CCWGG

PspGI K160X3R-ERX6E /CCWGG

SsoII K182X3R-ERX6E /CCNGG

AccI K196X3K-DRX6E T/CCGGA



Nucleic Acids Research, 2001, Vol. 29, No. 18 3717

these contacts, formed in the ground state complex, from
impairing the catalytic efficiency (given by the difference in
the Gibb’s free energy of the transition state complex and the
ground state complex), it is necessary that these interactions
must also stabilize the transition state (127). Therefore, the
ground state complex is likely to resemble the transition state
complex very much, differences being localized to the site of
phosphodiester bond cleavage.

The coupling of specific binding, recognition and catalysis is
ill understood. There have been many attempts to understand
how the catalytic machinery is activated during the recognition
process. Ideally one would like to ‘see’ this by time-resolved
crystallography or NMR. This, however, has not yet been
achieved. Instead, crystallographic studies of wild-type and
mutant enzymes with canonical and chemically modified
substrates, in the absence and presence of divalent metal ion
cofactors, have been carried out and their results interpreted
together with the results of single and multiple turnover
cleavage studies. The best studied system in this respect is the
EcoRV system, for which the structures of different enzyme–
substrate complexes in different crystal lattices were determined
and for which detailed biochemical data were obtained. Recog-
nition can be formally divided into direct and indirect readout. In
EcoRV the recognition (R)-loop, comprising residues 182–187,
whose importance for recognition has been confirmed by a
mutional analysis (128), makes all the base-specific contacts in
the major groove. A hydrogen bond network links the R-loops
to the scissile phosphates and the catalytic centers via Asn188
and Lys92 (94). Base recognition in the minor groove is
accomplished by the glutamine (Q)-loop, comprising residues
68–70. Gln69 is in close proximity to one catalytic center and
via Thr37 also to the other catalytic center (94); these two resi-
dues are very important for catalysis (128–132). Thr37 is also
one of the key amino residues involved in indirect readout
(94,96,130,131,133). The results of these investigations
concerning coupling of recognition and catalysis assign a crit-
ical role to the symmetry related B-helices and Q-loops,
which connect β-strands c and d. This region is located at the
floor of the DNA binding site, vis à vis the phosphodiester
bonds to be cleaved. It is known that this region adopts slightly
different conformations in various co-crystal structures of
EcoRV (93), which makes it likely that it has sufficient confor-
mational freedom to be involved in activation of the catalytic
centers. Residues whose position is affected by these confor-
mational changes include Asp36 and Lys38, which also have
been shown by mutational analyses to be essential for EcoRV
(134,135).

A major aspect of the mechanism of activation of the catalytic
centers of restriction enzymes concerns the positioning of the
divalent metal ion cofactors and the water molecules, one of
which in each catalytic center must take up a position in-line
with the phosphodiester bond to be cleaved. For EcoRV it has
been shown that Asp74 and Asp90, as well as the scissile phos-
phate and its 3′-neighbor, which all cooperate in Mg2+ and
water binding at the catalytic centers, take up slightly different
positions in different co-crystal structures of EcoRV (93). This
is not unexpected for catalytically relevant residues
(128,129,136) in a complex that is not active in the crystal. Of
course, one would like to know how all amino acid residues in
specific contact with the bases and the backbone communicate
with the catalytic centers. The fact that this communication

must be highly cooperative will make it very difficult to
identify an intramolecular signal transduction pathway. It must
be admitted, therefore, that at present, it is at best partially
understood how the catalytic centers of EcoRV or any other
restriction endonuclease are activated during the recognition
process. Probably this is the main reason why all efforts to
change or expand the specificity of restriction endonucleases
by rational, i.e. structure-guided, design failed so far (137,138)
or were not as successful as one had hoped (139).

Coupling of recognition to catalysis not only concerns
intrasubunit but also intersubunit communication, as restriction
endonucleases in general catalyze a concerted double-strand
cut. This means that the information of ‘recognition’ must be
passed on from one subunit to the other. As pointed out above,
with few exceptions each subunit of a restriction enzyme
makes contacts to both halves of the recognition sequence,
which integrates the recognition process. This has been
demonstrated directly for EcoRV, using artificial heterodimers
(104,131,140) and for PvuII using a single chain variant (194):
substitution of a residue involved in base-specific contacts in
only one subunit affects cleavage in both strands, whereas
substitution of a catalytic residue in one active center does not
affect the other catalytic center and allows for cleavage in one
strand (nicking).

THE MECHANISM OF CATALYSIS OF
PHOSPHODIESTER BOND CLEAVAGE BY
RESTRICTION ENDONUCLEASES

The catalysis of phosphodiester bond cleavage by restriction
endonucleases can be considered as a phosphoryl transfer to
water. For such a reaction two principal mechanisms may be
operative, an associative and a dissociative mechanism
(reviewed in 141). Both result in an inversion of configuration
at phosphorus, as shown experimentally for EcoRI (142),
EcoRV (143), HpaIII and SfiI (144). The associative mechanism
(Fig. 5, top) requires a general base to generate the active
nucleophile, a hydroxide ion, which attacks the phosphorus of
the scissile phosphodiester bond, a Lewis acid that stabilizes
the extra negative charge at the pentacoordinated phosphorus
during the transition state, and a general acid that stabilizes the
leaving group. This can be a Brønsted acid that protonates the
leaving group (the fragment with a 3′-O–) or a metal ion that
associates with the alcoholate. It is this mechanism that usually
is explicitly or implicitly assumed to be operative in DNA
cleavage by restriction enzymes. The dissociative mechanism
(Fig. 5, middle) is not so much dependent on a general base to
generate the active nucleophile, as there is only a small amount
of bond formation to the incoming nucleophile, water, but a
large amount of bond cleavage to the outgoing leaving group,
the fragment with a 3′-O–. Therefore, in this mechanism
stabilization of the leaving group is the most important aspect
of catalysis. In addition, for this mechanism a metaphosphate-
like species has to be stabilized in the transition state. This
could be done by positively charged amino acid side chains,
amino acid residues with hydrogen-bond donor functions
(including protonated carboxylate side chains) or divalent
metal ions (Mg2+), which all must preferentially interact with
the trigonal bipyramidal transition state relative to the tetra-
hedral ground state (145).
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It must be emphasized that the associative and dissociative
mechanisms represent two extremes of possible mechanisms.
The actual mechanisms used by a restriction endonuclease is
likely not to follow any of these extremes (in Fig. 5, bottom,
which depicts the change in bond order for the bond being
made and the bond being broken, the reaction pathway may
follow any line between the red line characteristic for an asso-
ciative mechanism and the blue line characteristic for the
dissociative nechanism). For alkaline phosphatase, for
example, it has been shown that this enzyme can achieve
substantial catalysis via a transition state with dissociative
character (146).

All type II restriction endonucleases, whose crystal structures
have been determined, have a catalytic sequence motif in
common, the PD . . . D/EXK motif (41,128). As shown in
Table 4 the consensus is somewhat relaxed which makes it
hard in some cases to locate the catalytic sequence motif by an
inspection of the sequence only. Nevertheless, it serves as a
guideline to identify the presumptive active center of a type II
restriction endonuclease, which then must be confirmed by a
mutional analysis. Examples of such an identification include
BsoBI (VD212 . . . E240LK) (147), Eco57I (PD78 . . . E92AK)
(148), BcgI (PE53–E66DK) (24), EcoRII (PD77 . . . E96KR) (149)
and HindIII (PE51 . . . D108AK) (150). It must be noted,
however, that the identification of the catalytic sequence motif
by a mutational analysis only is not fail-safe. An example is
provided by the homing endonuclease I-PpoI for which a

presumptive active site apparently was identified by a mutational
analysis (PD109 . . . D140NK), which could not be confirmed by
the crystal structure analysis (151,152).

The PD . . . D/EXK motif has also been found in other
nucleases as shown by crystal structure analyses, for example
λ-exonuclease (PD119 . . . E129LK) (34), E.coli MutH (QD70 . . .
E77LK) (37) and E.coli TnsA [D114 . . . (E149)Q130VK] (39) or
tentatively assigned by mutational analyses, for example
Sulfolobus solfataricus (PD42 . . . E55MK) (153) and Pyrococcus
furiosus Holliday junction resolvase (VD36 . . . E46VK) (154),
as well as E.coli McrBC (McrC: TD243 . . . D256AK; U.Pieper
and A.Pingoud, submitted). In E.coli Vsr the PD . . . D/EXK
motif is only partially present, although the endonuclease fold
is conserved (38)

The fact that so many restriction endonucleases have a
common catalytic sequence motif could suggest that they
follow basically the same mechanism, with at least one
obvious exception: BfiI, a type IIS restriction enzyme, that
does not require a divalent metal ion cofactor, and in this
respect differs from all type II restriction endonucleases known
(155). This enzyme in its C-terminal part shows sequence
homology with the Salmonella typhimurium NucA, a member
of the HXKX4DX6GSXN superfamily of phosphodiesterases,
whose crystal structure is known (156). It is likely that BfiI like
FokI has a two-domain structure, one domain being respon-
sible for DNA recognition and the other for cleavage. As NucA
is a homodimer with one catalytic center which is formed by
the two subunits, it might well be that BfiI has to form a
tetramer to afford double-strand cleavage. More of these
exceptions are likely to follow, as can be expected on the basis
of recent sequence comparisons, which suggest that some
type II restriction enzymes belong to the HNH- and GIY-YIG-
families of endonucleases (157,158).

For the great majority of type II restriction endonucleases
Mg2+ is an essential cofactor which can be substituted with
Mn2+ (Fe2+, Co2+, Ni2+, Zn2+, Cd2+, depending on the enzyme)

Figure 5. Principle mechanisms of phosphoryl transfer reactions. On top the
mechanism of phosphodiester bond cleavage following an associative or a
dissociative route is shown. These mechanisms differ in the amount of bond
formation and bond breakage in the transition state. This is illustrated in the
graph on the bottom in which the bond order of the bond to be cleaved is plotted
against the bond order of the bond being formed. For an associative mechanism
(red line) both bond orders change proportionally, whereas for a dissociative
mechanism (blue line), the bond to the leaving group is largely cleaved while
the bond to the attacking nucleophile is not yet formed. 1, Enzyme–substrate
complex; 2, enzyme–product complex; 3, transition state of the associative
mechanism; 4, transition state of the dissociative mechanism.

Table 4. Catalytic sequence motifs in type II restriction endonucleases

aThe crystal structure analysis has shown that the second acidic residue of the
PD . . . D/EXK motif is recruited for the catalytic center from a distal part of
the structure.

Enzyme PD motif D/EXK motif Reference

EcoRI PD91 E111AK 189

EcoRV PD74 D90IK 47

BamHI ID74 E111FE 100

PvuII ND58 E68LK 43,48

Crf10Ia PD134 (E204) S188VK 190,191

FokI PD450 D467TK 53

BglI PD116 D142IK 49

MunI PD83 E98IK 98

NaeI TD86 D95CK 42

BglII ID84 E93VQ 99

NgoMIVa PD140 (E201) S185CK 45

BsoBI VD212 E240LK 52
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but not, however, by Ca2+. There is no doubt that Mg2+ is
intimately associated with the catalytic process, as in nearly all
cases where divalent cations were soaked into crystals of type
II restriction endonucleases or into co-crystals of enzyme–
DNA complexes, a divalent cation was found associated with
the carboxylates of the catalytic center, with interesting varia-
tions: Mg2+, Mn2+, Ca2+, the divalent metal ions that are usually
used in soaking experiments, do not necessarily occupy the
same site. For example, a soaking experiment with PvuII and
50 mM Mg2+ had shown that Mg2+ is bound in one subunit to
Asp58 and Glu68, i.e. at the catalytic center, while in the other
subunit Mg2+ is bound in the immediate vicinity of Tyr94. This
site seems to be of physiological importance, because when it
is destroyed by a Tyr→Phe exchange, the DNA cleavage is
affected and not concerted anymore (A.Spyridaki, C.Matzen,
T.Lanio, A.Jeltsch, A.Simoncsits, A.Athanasiadis, E.Scheu-
ring-Vanamee, M.Kokkinidis and A.Pingoud, submitted). If a
soaking experiment is carried out with 50 mM Mn2+, a site close
to Leu69 and Ser71 is occupied. In contrast, when co-crystals
of a PvuII–DNA complex are grown at pH 4.5 in the presence
of 50 mM Ca2+, then crosslinked with glutaraldehyde and then
step-wise transferred to pH 6.5 conditions, co-crystals are
obtained that contain two Ca2+ ions in each subunit associated
with Asp58 and Glu68 (159). Table 5 gives a compilation of all
published data concerning divalent metal binding sites in

restriction endonuclease–DNA substrate complexes, which
demonstrates the variety encountered among divalent metal
ions in binding sites of different restriction endonucleases
under different conditions.

Table 5 contains 13 entries for EcoRV, which show that
depending on the divalent metal ion, the substrate (or substrate
analog) and the variant, different binding sites can be occupied,
most of them comprising carboxylates from the catalytic
centers. For EcoRV three sites are available for Ca2+, but only
two are occupied simultaneously: site I comprises Asp74
(Asp90) and Ile91 (main chain carbonyl), site II Asp74 and
Asp90, site III Glu45 and Asp74 (the roman numerals are used
to compare these sites with analogous divalent metal binding
sites in other restriction endonucleases, see also Fig. 7). It is
noteworthy that in several instances only one binding site per
subunit is occupied and/or that only one subunit has divalent metal
ions bound, in spite of the fact that very high concentrations of
divalent metal ions were used for the soaking, but also for the
co-crystallization experiments. The fact that high concentrations
are being used for these experiments is a point of concern, as
they might lead to occupation of unphysiological binding sites
(160,161). The occupation of such unphysiological sites may
be the reason why only in two cases was activity demonstrated
in crystallo (Table 5), an argument that is supported by
biochemical data, which clearly demonstrate inhibition of

Table 5. Divalent metal ion binding sites at the catalytic centers of specific restriction enzyme–DNA complexes

aActive in crystallo.
bI = inosin.
cM = 5-methyl cytosine.
dDeoxyribo-3′-S-phosphorothiolate at scissile phosphate.

Protein Metal ion pH Subunit 1 Subunit 2 Reference

EcoRIa 5 mM Mn2+ (soaking) 7.0 Asp90, Glu111 Asp90, Glu111 166

EcoRV 30 mM Mg2+ (soaking) 6.8 Asp74, Asp90, Glu45, Asp74 – 94

EcoRV 30 mM Mn2+ (soaking) 6.8 Asp74, Asp90 – 94

EcoRV 30 mM Co2+ (soaking) 6.8 Asp74, Asp90, Glu45, Asp74 Asp74, Asp90, Glu45, Asp74 94

EcoRV 30 mM Ca2+ (soaking) 6.8 Asp74, Asp90 Asp74, Asp90 94

EcoRV 15 mM Mg2+ + 15 mM Ca2+ (soaking) 6.8 Asp74, Asp90 Asp74, Asp90 94

EcoRV 1 mM Mn2+ + 20 mM Ca2+ (soaking) 6.8 Asp74, Asp90, Glu45, Asp74 Asp74, Asp90, Glu45, Asp74 94

EcoRV 40 mM Ca2+ (co-crystallizition) 6.8 Asp74, Asp90 Asp74, Asp90 102

EcoRV T93A 10 mM Ca2+ (co-crystallization) 7.5 Asp74, Ile91, Glu45, Asp74 – 103

EcoRVb (GACITC) 25 mM Mn2+ (co-crystallization) 7.5 – – 96

EcoRVb,c (GAMITC) 30 mM Mn2+ (co-crystallization) 7.5 Asp74, Asp90 Asp74, Asp90 96

EcoRVd (3′S) 50 mM Mg2+ 7.5 Asp74, Ile91, Glu45, Asp74 Asp74, Ile91 Glu45, Asp74 93

EcoRVd (3′S) 50 mM Mn2+ 7.5 Glu45, Asp74, Ile91, Glu45, Asp74,
His71

His71, His193 93

EcoRVd (3′S) 50 mM Ca2+ 7.5 Asp74, Ile91 Glu45, Asp74 Asp74, Ile91, Glu45 93

BamHIa 10 mM Mn2+ (co-crystallization) 5.3 Asp94, Glu111, Phe112, Glu77, Asp94 – 178

BglI 125–150 mM Ca2+ (soaking) 6.5 Asp116, Asp142, Ile143, Asp116 Asp116, Asp142, Ile143 Asp116 49

MunI 50 mM Ca2+ 6.0 – – 98

BglII Unidentified metal ion (co-
crystallization)

5.2 Asp84, Val94 Asp84, Val94 99

PvuII 50 mM Ca2+ (soaking) 4.5–6.5 Asp58, Glu68, Leu69, Asp58, Glu68 Asp58, Glu68, Leu69, Asp58, Glu68 159



3720 Nucleic Acids Research, 2001, Vol. 29, No. 18

DNA cleavage by EcoRV at higher concentrations of divalent
cations (162). Mg2+ seems to have the same options as Ca2+ in
occupying sites associated with the catalytic centers of EcoRV.
Mn2+, however, can occupy additional sites outside of the
catalytic centers (Fig. 6). Mn2+ binding to one of these sites
modulates the catalytic efficiency and sequence selectivity of
the enzyme (163). To further demonstrate the complexity of
the situation, biochemical experiments suggest that there must
be additional divalent metal ion binding sites in the EcoRV–DNA
complex, not yet seen in the co-crystals, which are involved in
recognition (111). Figure 6 shows a superposition of the
divalent metal ion binding sites so far identified in EcoRV.

The situation seems to be not as complicated with the other
restriction enzymes, possibly only because fewer structures are
available. For two enzymes, EcoRI and BglII, only one metal
ion per subunit (Mn2+ in the case of EcoRI, an unidentified
metal ion or Ca2+, respectively, in the case of BglII) was seen
in the co-crystal structures. It may be a coincidence, but these
sites were found occupied at 5 mM Mn2+ and without added
divalent metal ion, respectively (Table 5). The Ca2+ binding
sites of BamHI, BglI and PvuII are homologous: in all three
enzymes two binding sites per subunit are present, corresponding
to binding sites I and II of EcoRV (Table 5). Figure 7 shows a
comparison of the Ca2+ (Mn2+ in the case of EcoRI) binding
sites observed in the co-crystals of BamHI, BglI, BglII, EcoRI,
EcoRV and PvuII (based on ref. 159). This comparison reveals
some intriguing similarities: all these restriction enzymes have
a binding site I which is formed by the absolutely conserved first
and second acidic amino acid residues of the PD . . . D/EXK motif
and by a main chain carbonyl of the non-polar amino acid

residue of this motif, PD . . . D/EXK. The divalent metal ion
occupying binding site I is coordinated to a water molecule
which is directly or indirectly (via a second water molecule)
associated with the proRp-oxygen of the phosphate 3′ to the
scissile phosphodiester bond. This water molecule is in a
position for an in-line attack on the bond to be cleaved. It is
held there by the last residue of the PD . . . D/EXK motif,
usually a Lys, but in BamHI a Glu and in BglII a Gln residue,
which all (Glu should be protonated for that purpose) are
capable of forming a hydrogen bond to the attacking water
molecule. The divalent metal ion in binding site II which is
formed by the first and in some cases also by the second acidic
amino acid residue of the PD . . . D/EXK motif, could serve to
polarize the P–O bond and thereby to make the phosphorus
more susceptible for a nucleophilic attack. It could also help to
coordinate a water molecule, which could be used to protonate
the leaving group, the 3′-O– or directly associate with this
group. For EcoRV, the direct association has been ruled out
(164).

The elucidation of the mechanism (or mechanisms) of DNA
cleavage by type II restriction enzymes is critically dependent
on the knowledge of how many Mg2+ ions are directly involved
in catalysis. Crystal structure analyses are certainly very
helpful to answer this question, but they can be also very
misleading, because they do not tell us whether the configuration
seen in the structure is productive. For EcoRV at least three
different mechanisms were proposed, all based on structural
information but differing in the numbers and sites of Mg2+ ions
involved (‘one, two or three metals’) (36). The first mechanism
was based on the comparison of the co-crystal structures of
EcoRI and EcoRV as well as on molecular modeling
(136,165). Based on the finding that a water molecule modeled
into the structures at the position of the attacking nucleophile
forms a hydrogen bond to the phosphodiester group 3′ to the
scissile phosphodiester bond, it has been suggested that the
phosphate 3′ to the scissile phosphodiester bond serves as the
general base. Leaving group protonation would be afforded by
a water molecule from the hydration sphere of a Mg2+ ion
bound to Asp74 and Asp90 (site I/II). This aspect of the
mechanism has become commonly accepted because, in all
structures determined so far, a water in the hydration sphere of
a metal ion is hydrogen bonded to the leaving group making it
an obvious candidate for leaving group protonation. The
characteristic feature of this mechanism is the substrate
assisted catalysis, i.e. a direct role of the DNA substrate itself
in the catalytic mechanism. A variant of this mechanism has
been proposed for EcoRI recently (166). Although recruiting a
phosphodiester group as the catalytic base might be considered
surprising, this function is not uncommon. It has been proposed
for other enzymes involved in nucleotidyl- or phosphoryl
transfer: p21ras and other G-proteins (167), aminoacyl-tRNA
synthetases (168,169) and acylphosphatase (170). Recently, it
has been shown that the catalytic mechanism of peptidyl
transfer in the prokaryotic ribosome also might involve a
phosphodiester group of the rRNA as final proton acceptor in a
relay that starts at the N3 of an adenine residue and involves
also the O6 and N2 of a guanine residue (171,172). An impor-
tant point in favor of the 3′-phosphate being the general base is
the finding that in several high resolution structures of specific
restriction enzyme–DNA complex a water molecule is seen

Figure 6. Superposition of all solved structures of EcoRV and metal-ion
binding site in EcoRV. The figure shows how similar these structures are
although they are determined from crystals in different crystal lattices, using
different substrates and metal ions. In addition all divalent metal ion binding
sites as seen in different co-crystal structures and as deduced from biochemical
experiments are indicated. The metal-ion binding sites near the active site are
shown for both subunits, the additional sites (near His71, near His193 and near
the GpATATC phosphate) are shown only for one subunit.
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hydrogen bonded to the 3′-phosphate and in a position ready
for an in-line attack on the scissile phosphodiester bond.

Two alternative mechanisms for DNA cleavage by EcoRV
were based on the Kostrewa and Winkler structure (94). They
consider two Mg2+ ions as essential, but differ in an important
detail, the identification of the general base. Kostrewa and
Winkler (94) suggested that a water molecule in the hydration
sphere of Mg2+ ion bound to Asp74 and Asp90 (site II)
provides the attacking nucleophile and a water molecule in the
hydration sphere of Mg2+ ion bound to Glu45 and Asp74

(site III) serves to protonate the leaving group. Vipond et al.
(173) in contrast proposed that Mg2+ in site III functions as the
general base. Later, Halford and coworkers (132,174) modified
details of the stereochemistry of their mechanism to take into
account the results of recent kinetic data for the Co2+ supported
DNA cleavage by EcoRV and the results of a molecular
dynamics simulation. In an accompanying study (135) it was
suggested that the water molecule in the hydration sphere of
Mg2+ in site III is deprotonated with the help of Glu45 (of one
subunit) and Asp36 (of the other subunit). The most recent

Figure 7. Comparison of the active sites of restriction enzymes as deduced from co-crystal structures of specific protein–DNA substrate complexes obtained in the
presence of divalent metal ions (based on 159). In EcoRV the sites formed by Asp90 and Ile91, Asp74 and Asp90 as well as Glu45 and Asp74 are numbered I, II
and III, respectively, in this review. The same numbering scheme is applied to all other enzymes.
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addition to the list of mechanisms proposed for DNA cleavage
by EcoRV has been provided by Perona and coworkers
(93,103). They had, as mentioned above, identified a new
divalent metal binding site (site I) and intergrated this site into
a three-metal ion mechanism, which they called a metal ion-
mediated substrate-assisted catalysis mechanism to account for
the fact that the metal ion in site I is coordinated to two water
molecules, one that bridges to the proSp-oxygen of the 3′-phosphate,
and the other attacks the scissile phosphate. This metal ion is
bound to Asp74, Asp90 and Ile91 [site I; note that Horton et al.
(103) use a different numbering system]. A second metal ion is
bound to Asp74 and Asp90 (site II) as well as to the scissile
phosphate; in its coordination sphere there is a water molecule
that is close to the 3′-O of the leaving group. A third divalent
metal ion, bound by Glu45 and Asp74 (site III), is not seen in
any structure together with the divalent metal ions occupying
site I and II, but in principle could take up this position. It is
proposed to have a structural role, which is in agreement with
the results of biochemical studies (162).

We have described the various proposals for the mechanism
of DNA cleavage by EcoRV in detail, to make clear that even
with detailed structural information it is not straightforward to
derive the mechanism of an enzymatic reaction. A critical issue
in the one-metal ion substrate-assisted catalysis mechanism
and also, albeit to a lesser degree, in the two- and three-metal
ion-mechanisms, is the pKa of the general base. The pKa of a
phosphodiester (pKa < 2) or of a Mg2+-aquo complex (pKa ≈ 11–12)
clearly is far off to explain the pH-optimum of the EcoRV-catalyzed
reaction (pH ≈ 8.5) (135,175). There are four possible ways out
of this dilemma: (i) an efficient general base is not needed, if
the transition state has dissociative character; (ii) the attacking
nucleophile is not generated in situ but comes from bulk
solvent and is only stabilized in the catalytic center, as also
suggested for DNA polymerase I (176); (iii) amino acid residues
close to the active center provide assistance in lowering the pKa
of the Mg2+-aquo complex, like Asp36 (135) [for a different
view (134)]; and (iv) the pH profile of the cleavage reaction
reflects a deprotonation of a residue (or of residues) which are
not part of the catalytic center. In this context it is worthwhile
to note that restriction enzymes are among the best regulated
enzymes as they have to ensure that the catalytic centers are
only activated if the correct sequence is bound. Any residue
important in DNA recognition and coupling of recognition and
catalysis could, therefore, dominate the apparent pH-dependence.
As noted by Horton et al. (93), ‘establishing the structural basis
for DNA cleavage beyond reasonable doubt requires visualization
of essential catalytic elements within the confines of a single
high-resolution crystal structure of a ternary complex. Clearly
this elusive goal is yet to be attained’. Time-resolved spectroscopy
using NMR (177) and EPR should be particularly suited to
clarify how many divalent metal ions are required for catalysis
and to elucidate their particular roles.

For EcoRV (94), as for BamHI (178) and NgoMIV (45), the
structure of an enzyme–product complex in the presence of
Mg2+ or Mn2+ were determined. In the EcoRV–product
complex structure (obtained by co-crystallization) two Mg2+

ions were seen in both subunits, associated with the 5′-phosphate
of one product as well as liganded to Glu45 and Asp74 (Mg2+

no. 1) and Gln69 (Mg2+ no. 2), respectively. In the BamHI–product
complex structure (obtained by soaking), one Mn2+ ion is associated
with the cleaved phosphate, Asp94 and Phe112, while the other is

coordinated to Asp94, but not anymore to Glu111. In the NgoMIV–
product complex structure (obtained by co-crystallization) two
Mg2+ ions are seen in each active site, both coordinated by the
cleaved phosphate, Asp140 and an acetate ion, one Mg2+ ion in
addition by Cys186 (main chain carbonyl). The presence of
two divalent metal ions at the catalytic centers of restriction
endonuclease–product complexes should not be taken as
evidence for their participation in catalysis, but rather as a
reflection of the need to have a balance of charges. The acetate
ion seen in the NgoMIV–product structure associated with
both Mg2+ ions illustrates this requirement.

Two co-crystal structures of specific restriction enzyme–DNA
complexes were determined without divalent metal ions: MunI
(98) and BsoBI (52). The pronounced similarity between MunI
and EcoRI suggests that MunI follows a similar mechanism as
EcoRI. BsoBI, however, has particular features that merit a
special discussion. This enzyme has a normal PD . . . D/EXK
motif (Asp212, Glu240, Lys242) which means that it could
follow a similar mechanism as EcoRI. BsoBI shares with other
restriction endonucleases the position of the attacking water
molecule which is located 3.7 Å away from the phosphorus
atom of the scissile phosphodiester bond and in hydrogen
bonding distance of the pro-Rp oxygen of the phosphate 3′ to
the scissile phosphodiester bond. In addition, this water
molecule is only 3.8 Å away from Lys243, which in turn
contacts the pro-Sp oxygen of the phosphorus atom to be
attacked. These features are similar in all other restriction
enzymes (see Fig. 7). BsoBI, on the other hand, is the only
restriction enzyme, which has an obvious general base close to
the active center, His253 (from the other subunit), which may
also couple recognition to catalysis, as it is involved in a
hydrogen bond to N7 of the inner G (C↓PyCGPuG). It is not
clear, however, how Mg2+ binding will affect these relationships.
A two-metal ion mechanism is discussed by van der Woerd
et al. (52), which is different from the other two-metal ion
mechanisms discussed above, as the role of His253 has to be
considered. One Mg2+ is suggested to bind to Asp212 and
Glu240 as well as the pro-Sp oxygen of the scissile phospho-
diester bond, a second Mg2+ to the proRp-oxygen and Glu252
of the other subunit.

The mechanism by which restriction endonucleases achieve
DNA cleavage has not yet been proven for any restriction
enzyme. For the advocates of the two-metal ion mechanism
often the mechanism by which the 5′–3′ exonuclease domain
of DNA polymerase I hydrolyzes DNA is taken as the
paradigm (179), but in principle there the same uncertainty as
to the participation of one- or two-metal ions in catalysis exists
(160,161,180). A similar controversy as for EcoRV is going on
for other nucleases. For example, for RNaseH two alternative
mechanisms have been proposed. One is a two-metal ion
mechanism (181), where one of the two metal ions activates
the attacking nucleophile, and the other is a one-metal ion
mechanism (182), where an amino acid residue is considered
to be responsible for generating the hydroxide ion, faciliated
by a neighboring phospodiester group of the substrate (183).
Another example is provided by the transposases and
integrases, which share a common catalytic triad, the DDE
motif. Most of the structures reported for these enzymes show
the binding of one Mn2+ ion at a site located between two of the
three carboxylates, for example in the Tn5 transposase
synaptic complex (184), but crystals for ASV integrase core
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soaked with Zn2+ or Cd2+ exhibit metal ion binding at two
adjacent sites (185).

The BglII and BamHI restriction enzymes which cleave very
similar sequences, A↓GATCT and G↓GATCC, have been
discussed as representatives of type II restriction endonucleases
which follow a one- and two-metal ion mechanism, respectively,
and which have diverged from a common ancestor (186). The
active site of BglII, on the other hand, has a similar make-up to
the evolutionarily unrelated homing endonuclease I-CreI,
which has one-metal ion bound per catalytic center (187). This
has been considered as evidence for convergent evolution of
these two enzymes. This conclusion certainly is valid
concerning the amino acid residues involved in catalysis, but
must be considered as tentative only concerning the number of
metal ions involved.

It must not only be emphasized that at present the mechanism of
DNA cleavage has not yet been elucidated for any restriction
endonuclease, but also that it is not even known whether all
type II restriction endonucleases with a bona fide PD . . . D/EXK
motif follow the same mechanism. We tend to believe that this
is the case, the argument being one of parsimony. Why else
should this motif be conserved, in particular as it is possible to
explain the deviations. For example, the substitution of the D/E by
a S in Cfr10I and NgoMIV (the crystal structure shows that the
E is supplied from another structural element, but takes up the
required position in the three-dimensional structure). Like-
wise, the K is substituted by an E and Q in BamHI and BglII,
respectively, but the hydrogen-bond donor function is
preserved (when the E is protonated in BamHI). With these
considerations in mind, the following features appear as
invariant among all type II restriction endonucleases whose
co-crystal structure has been determined. (i) The essential
divalent metal ion cofactor is bound to the two carboxylates
and the main chain carbonyl of the hydrophobic residue X of
the PD . . . D/EXK motif as well as one of the non-bridging
oxygens of the phosphate to be attacked. Whether a second (or
third) divalent metal ion is required for cleavage is still a
matter of debate. (ii) The phosphorus atom of the scissile phos-
phodiester bond is attacked in-line with the bond to be cleaved
by a water molecule, held in position by the essential divalent
metal ion, the K of the PD . . . D/EXK motif and one of the
non-bridging oxygens of the phosphate 3′-adjacent to the
phosphate to be attacked. (iii) Whether cleavage of the phos-
phodiester bond follows a more associative or a more dissoci-
ative mechanism is not known. Accordingly, the structure of
the transition state is a matter of speculation. For its stabilization,
the divalent metal ion cofactor, positively charged amino acid
residues as well as amino acid residues with hydrogen bond
donor functions are required. (iv) The function of the general
base that has to abstract a proton from the attacking water (not
very important if a dissociative mechanism is operative) could
be taken over by the divalent metal ion, the K of the PD . . . D/EXK
motif and/or the 3′-adjacent phosphate. All these chemical
entities require a considerable shift in pKa (from their unper-
turbed value in the free state) to function as the general base.
Whether additional amino acid residues are recruited for this
purpose may differ from system to system. (v) Protonation of
the leaving group or its transient stabilization, respectively,
could be performed at the expense of a water molecule bound to
the divalent metal ion or the divalent metal ion itself, respectively.
(vi) Whatever the precise mechanism of phosphodiester bond

cleavage by type II restriction endonucleases is, it involves
acid–base catalysis. For this type of catalysis a proton relay has
to be considered involving chemical entities not only at but
also close to the site of cleavage.

CODA

Up to 1% of the genome of prokaryotic organisms is taken up
by the genes for RM systems. Although it is not clear whether
the majority of RM systems are required for the maintenance
of the integrity of the genome or whether they are spreading as
selfish genetic elements, they are key players in the ‘genomic
metabolism’ of prokaryotic organisms. As such they deserve
the attention of biologists in general.

Restriction enzymes (as well as their companion modification
enzymes) constitute a huge family of enzymes with similar
functions, the essential features of which are present also in
other proteins interacting specifically with DNA, in particular
proteins with nuclease function (recombinases, resolvases,
transposases, integrases, repair enzymes). Elucidating the
mechanism of action of restriction enzymes, therefore, is of
interest also to those interested in the mechanism of DNA
recognition and cleavage in general.

Finally, restriction enzymes are the work horses of molecular
biology. Understanding their enzymology will be advantageous to
those who use these enzymes, and essential for those who are
devoted to the ambitious goal of changing the properties of
these enzymes, and thereby make them even more useful.
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