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ABSTRACT: Mobile genetic elements constitute a remarkably diverse group of nonessential
selfish genes that provide no apparent function to the host. These selfish genes have been implicated
in host extinction, speciation and architecture of genetic systems. Homing endonucleases, encoded
by the open reading frames embedded in introns or inteins of mobile genetic elements, possess
double-stranded DNA-specific endonuclease activity. They inflict sequence-specific double-strand
breaks at or near the homing site in intron- or intein-less allele. Subsequently, through nonreciprocal
exchange the insertion sequence (intron or intein) is transferred from an intein- or intron-containing
allele to an intein- or intron-less allele. The components of host double-strand break repair pathway
are thought to finish the “homing” process. Several lines of evidence suggest that homing endonu-
cleases are capable of promoting transposition into ectopic sites within or across genomes for their
survival as well as dispersal in natural populations. The occurrence of inteins at high frequencies
serves as instructive models for understanding the mechanistic aspects of the process of homing and
its evolution. This review focuses on genetic, biochemical, structural, and phylogenetic aspects of
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homing endonucleases, and their comparison with restriction endonucleases.
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I. INTRODUCTION

More than 50 years ago, through a combination of
masterful genetic analysis and unique insights, B.
McClintock discovered the biologically important phe-
nomenon of transposition. This discovery originated
from her studies on broken chromosomes in maize.
She observed a pattern of regular breakage on chromo-
some 9 during development, and she named the break-
age site the Ds (dissociator) locus. Further analysis of
Ds locus led to the discovery of a second locus that was
required to activate the process of transposition, and
she designated this as the Ac (activator) locus. As a
result of Ds/Ac system, the progeny plants with broken
chromosomes displayed an unusually high frequency
of variegation, including sectored coloring of the ker-
nels. After intense genetic analysis, McClintock con-
cluded that the pattern of change resulted from move-
ment of Ds to a new location thereby causing genome
instability. These experiments were followed by in-
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tense research, which led to the identification of mo-
bile genetic elements in organisms, including eubacteria
and phage T4. Several lines of evidence suggest that
such elements are ubiquitous and are known to alter the
integrity of the genome in a number of different ways.
For example, the draft human genome sequence (http://
www.ncbi.nlm.nih.gov/genome/guide/human) revealed
that the genome is populated with vast number (43%)
of mobile elements than any other organism whose
genome has been analyzed. These insertion elements
have been implicated in shaping the human genome.
Their insertion has also resulted in human diseases
such as muscular dystrophy, hemophilia, and breast
cancer (Kobayashi et al., 1998; Kazazian et al., 1988).

Mobile genetic elements constitute a remarkably
diverse group of nonessential selfish genes, which
provide no apparent function to the host. The enzyme
encoded by the mobile genetic element promotes its
self-propagation. Some exist at multiple locations,
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whereas others are present at unique sites, in eukarya
both in nuclear as well as organelle genomes. Based
on a wealth of correlative studies published over the
last 3 decades, mobile genetic elements can appropri-
ately be subdivided into four categories: transposons,
homing endonucleases, segregation distorters, and
heritable microorganisms (Hurst and Werren, 2001).
This review contains an overview of the genetic stud-
ies, structural organization, enzymology, and phylo-
genetic analyses of homing endonucleases (HEases,
according to Roberts et al., 2003). To help clarify the
functional differences, HEases are broadly classified
into two categories: (a) intron- and (b) intein-encoded
endonucleases (ENases, according to Roberts et al.,
2003). This division is intended to guide the discus-
sion on their structural organization, mechanistic as-
pects, as well as their regulation.

A. Discovery of Homing

Historically, insights into the phenomenon of “hom-
ing” emerged from studies on mitochondrial genetic
marker, termed ‘@’ of Saccharomyces cerevisiae. It was
observed that mixing of @* and @ strains of S. cerevisiae
led to the conversion of @ to @' in a nonreciprocal
manner (Coen et al., 1971; Bolotin et al., 1971), and co-
conversion of flanking sequences (Dujon et al., 1976;
Jacquier and Dujon, 1985; Macreadie et al., 1985).
Further analysis led to mapping of the w locus to the
group I intron of mitochondrial 21S rRNA gene
(Dujon et al., 1976; Bos et al., 1978; Heyting and
Menke, 1979). Subsequently, it was discovered that
expression of an open reading frame (fit1) from the
intron as well as introduction of a double-strand
break within the @ allele were required for conver-
sion (Jacquier and Dujon, 1985; Macreadie et al.,
1985; Zinn and Butow, 1985). An enzymatic activ-
ity encoded by S. cerevisiae group I intron, termed
I-Scel, was required for the cleavage of @ allele,
and transfer of endonuclease-encoding intron
(Colleaux et al., 1986, 1988).

For several years following its discovery, the
mobility of @ element was thought of as a locus-
specific phenomenon. The occurrence of group I in-
trons in diverse organisms such as S. cerevisiae mito-
chondrial COX/ (al4o intron or I-Scell, al3o or
[-Scelll) (Delahodde et al., 1989; Wenzlau et al.,
1989; Sargueil et al., 1991), Physarum polycephalum
nuclear LSU rRNA gene (I-Ppol) (Muscarella and
Vogt, 1989), T4 bacteriophage td (I-Tevl) and sunY
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(I-TevIll) genes (Quirk er al., 1989), 23S rRNA
(I-Dmol) gene of Desulfurococcus mobilis (Kjems
and Garrett, 1988; Aagaard et al., 1997), and in DNA
polymerase gene of Bacillus subtilis phages SPO1 and
SP82 (I-Hmul, I-Hmull) (Goodrich-Blair et al., 1990)
indicated ubiquitous distribution of HEases. Homing
of non-self DNA at an extragenic locus containing
VDE (VMAI Derived Endonuclease) recognition se-
quence further strengthened the notion that homing
was not locus-specific (Nogami et al., 2002).

B. Distinction between Homing
Endonucleases and Type Il Restriction
Endonucleases

HEases share functional and mechanistic simi-
larities with type Il restriction endonucleases (REases,
according to Roberts et al., 2003). Typically, both
inflict double-strand breaks in their target DNA sub-
strates. However, they differ in their structure, se-
quence recognition, and genomic location. HEases
are ubiquitous in all three biological kingdoms,
whereas REases exist only in prokaryotes. At the
sequence level, HEases are identified by the presence
of four conserved motifs: LAGLIDADG, GIY-YIG,
H-N-H, and His-Cys box. These motifs participate in
the coordination of metal ions and hydrolysis of
phosphodiester bonds. HEases are notable for their
long target sites and a tolerance for sequence poly-
morphisms in their DNA substrates. This is in con-
trast to REases, which normally require short recog-
nition sequences. Most REases contain the PDX ,s
(E/D)XK motif in the catalytic center and share an
important core containing five-stranded mixed [3-sheet
flanked by a-helices (Kovall and Matthews, 1998,
1999). Nevertheless, such examples are few and should
not be considered a general feature of the class of
REases. An excellent comprehensive review on type I1
REases can be found elsewhere (Pingoud and Jeltsch,
2001).

The criterion adapted for naming HEases is analo-
gous to that of REases (Roberts et al., 2003). HEases
are designated by a three-letter genus-species acro-
nym in which the first letter (in uppercase) is the first
letter of the genus and the next two (in lower case) are
the first two letters of the species (Belfort and Rob-
erts, 1997). A Roman numerical suffix is used to
distinguish multiple enzymes from the same organ-
ism in the chronological order of their discovery.
However, it was recognized that the genus-species
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designation is necessary but not sufficient to define
a HEase. HEases are also characterized by prefix F-, I-
, or PI- for enzymes encoded by free-standing ORFs,
introns, and inteins, respectively. For example, the
founding members of the intron-, intein-, and free-
standing gene encoded HEases are I-Scel, PI-Scel,
and F-Scell (HO endonuclease), respectively, from
Saccharomyces cerevisiae.

C. Occurrence of ORFs Encoding HEases

HEases are encoded by ORFs of group I, group
II, group III introns, in-frame protein sequences
(inteins) as well as free-standing genes. These have
been categorized into two broad classes based on
whether self-splicing occurs at the RNA or protein
level, and their genomic distribution. While introns
belong to the first category, inteins represent the sec-
ond. Introns have been subdivided further into group I
and group II introns based on their RNA secondary
structure and splicing mechanisms. Group I introns
catalyze their own splicing in a protein-independent
manner, whereas group II introns are site-specific
retroelements that depend on protein machinery for
splicing. However, identification of introns with char-
acteristics different from the above two groups re-
sulted in further classification. For example, the short
group II-like introns in the mRNA of plastids in
euglenoid protists, designated as group III introns
differ from conventional group II introns by lacking
secondary structure corresponding to domains II — VI
and exhibit relaxed splice-site consensus. Further-
more, results from archaea suggest that they possess
a distinct class of introns in their tRNA and rRNA
genes, which undergo splicing by an archaeal-spe-
cific mechanism. Although introns are not the main
focus of this review, the section below highlights
basic information regarding structural and mechanis-
tic aspects of introns, as they have contributed im-
mensely to our understanding of intein-encoded
HEases. Comprehensive reviews on group I and group
IT introns have appeared elsewhere (Saldanha et al.,
1993; Lambowitz and Belfort, 1993; Michel and Ferat,
1995; Bonnen and Vogel, 2001).

Il. INTRONS
A. Group | Introns

The founding member of group I intron is the one
in the thymidylate synthase (td) gene of bacterioph-

age T4 (Chu et al., 1984). Additional examples of
group I introns emerged from phages: nrdB and nrdD
of phage T4 (Gott et al., 1986; Young et al., 1994),
phage SPO1 DNA polymerase gene (Goodrich-Blair
etal., 1990) and in the large IRNA gene of S. cerevisiae
(Jacquier and Dujon, 1985). Since then group I in-
trons have been identified in tRNA, rRNA, and mRNA
genes of fungi, protists, plant organelle genomes, as
well as in the mRNA and tRNA genes of eubacteria
and phages. Recently, group I intron has been identi-
fied in the eubacterial protein-coding gene, recA of
Bacillus anthracis (Ko et al., 2002).

Group I introns have wide phylogenetic distribution
from phages to plants, but frequent in mitochondrial
genomes and nuclear tRNA genes of fungi. Also, they
are present in large rRNA genes and genes that encode
components of the electron transport system. Of over 80
bacterial group I introns identified so far, only in one
case (Simkania negevensis) was it found in tDNA (Everett
et al., 1999). Group I introns range in size from 200 to
3000 nucleotide residues. Approximately 30% of group
I introns encode a protein that displays endonuclease
activity (reviewed by Lambowitz, 1989; Dujon, 1989;
Belfort, 1990; Gorbalenya, 1994; Belfort et al., 1995;
Edgell et al., 2000; Bonen and Vogel, 2001). The fold-
ing of RNA into characteristic secondary structure re-
sults in the generation of the active center for splicing.
In principle, group I introns are ribozymes containing
P1-P9 motifs that bring the 5' and 3'splice sites and the
reactive guanosine cofactor into close proximity. The
mechanism of splicing of group I introns involves a
series of transesterification reactions with external gua-
nosine cofactor acting as a nucleophile in Mg>*-depen-
dent manner. In some cases, the linear intron is further
converted into a circular structure by an additional
transesterification reaction (reviewed by Cech, 1990).
The transfer of group I intron from intron containing
allele to intron-less allele is promoted by the compo-
nents of double-strand break repair pathway (reviewed
by Dujon, 1989; Belfort, 1990).

B. Group Il Introns

Group Il introns are ubiquitous in the genomes of
fungal and plant mitochondria and chloroplasts
(Michel and Ferat, 1995). The representative organ-
isms include Cyanobacteria (Calothrix, Anabena and
Nostoc), proteobacteria (E. coli, Azotobacter
vinelandii), Lactococcus lactis (Mills et al., 1996,
1997; Shearman et al., 1996), Clostridium difficile
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(Mullany et al., 1996), Pseudomonas alcaligenes (Yeo
et al., 1997), Serratia marcescens (Kulaeva et al.,
1998), Streptococcus pneumoniae (Coffey et al.,
1998), Sinorhizobium meliloti (Martinez-Abarca et
al., 1998), and Sphingomonas aromaticivorans
(Romine et al., 1999). Further evidence for their abun-
dance has emerged from genome projects and ge-
nome surveys. The mitochondrial genomes of
A. thaliana and Marchantia polymorpha contain 23
and 25 group II introns, respectively (Gray et al.,
1998). A classic example for the abundance of introns
is the chloroplast genome of Euglena: it harbors 80
normal group II introns and 155 degenerate group I1I
introns. Together these two groups correspond to
~40% of the Euglena chloroplast genome (Hallick et
al., 1993). Based on distinct structural characteristics,
group Il introns are further subdivided into group ITA
and IIB (Michel et al., 1989), which differ in: (a) 3'
splice-site consensus sequence, (b) distance between
bulged ‘A’ and 3' splice-site, (c) and tertiary interac-
tions. Also, some group II introns encode polypep-
tides that are essential for splicing in vivo. Sequence
analysis of ORFs in subgroups IIA and IIB indicate
considerable homology to reverse transcriptases
(Michel and Lang, 1985; Xiong and Eickbush, 1990).

Group II introns constitute a large class of cata-
lytic RNAs varying in length from 0.6 to 2 kb. These
assume distinct three-dimensional structures, desig-
nated domains I-VI. The splicing catalytic
center containing the consensus splice sites (5' -
GUGYG...AY-3') is assembled from domains I and V.
The splicing pathway proceeds via a two-step
transesterification reaction with adenosine in bulged
domain VI at the 3' end of the intron acting as a
nucleophile. Splicing generates a lariat structure in
which the 5' end of the intron is linked by a 2'-5'
phosphodiester bond to adenine residue at the 3' end
of the intron. Although some group II introns can
self-splice, they do so under nonphysiological con-
ditions. The splicing mechanism is analogous to the
splicing of eukaryotic nuclear mRNAs (Sharp, 1985;
Cech, 1986; Hickey and Benkel, 1986). Some group
II introns require factors encoded by either host or
intron for efficient splicing in vivo. These factors are
believed to facilitate proper folding of RNA sub-
strate into a catalytically favorable configuration.
Sequencing projects have identified subtle struc-
tural diversity among group II introns, with some
intermediate between group IIA and IIB introns (Toor
et al., 2001).
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C. Mobility of Group | and Group Il
Introns

Homing of group I intron is initiated by DNA
endonuclease (ENase) encoded by the intron itself.
The homing sites are long asymmetric sequences,
displaying different binding specificities and cleav-
age frequencies. Most HEases, if not all, inflict a
double-strand break at or near the insertion site to
generate a staggered break with 4-nucleotide 3' over-
hangs. The cellular components of the double-strand
break repair pathway are crucial for the repair of
DSBs inflicted by HEases (Figure 1). The mechanism
appears to be similar to the DSBR pathway originally
proposed for gene conversion in S. cerevisiae (Szostak
et al., 1983). An analysis of phage T4 fd intron in
crossover resolvase mutants suggested that homing
mediated by group I intron can also follow alternate
gene conversion pathways such as Synthesis-Depen-
dent Strand Annealing (Mueller et al., 1996; reviewed
by Dujon, 1989; Edgell et al., 2000).

Group II introns use a variety of mechanisms to
“home” into cognate or ectopic DNA sites. Studies in
S. cerevisiae and L. lactis have suggested that homing
requires both intron-encoded proteins as well as a
RNA component (Zimmerly et al., 1995a). The ob-
servation that mobility was abolished by mutations
that either block excision of group II introns, on the
one hand, or interactions between catalytic intron
RNA with intron-encoded proteins, on the other hand,
indicated that homing involves RNA-guided inser-
tion of introns. To distinguish it from the ENase
promoted homing of group I introns, the process has
been termed “retrohoming” (Curcio and Belfort, 1996),
analogous to retrotransposon integration.

The basic features of group II homing has been
elucidated using the yeast mitochondrial introns all
and al2 (Zimmerly et al., 1995b; Moran et al., 1995;
Yang et al., 1996; 1998), L. lactis LtrB intron and S.
meliloti RMInt1 intron (Mills et al., 1997; Martinez-
Abarca et al., 2000). The mechanism of retrohoming
(Figure 1, center panel) involves target-primed re-
verse transcription carried out by the ribonucleopro-
tein complex comprising intron-encoded RT and ex-
cised intron RNA lariat (Zimmerly et al., 1995b).
This complex binds the homing site DNA in the
intron-less allele and the intron RNA reverse splices
into the sense strand. Indeed, it has been shown that
the efficiency of group II intron homing and reverse
transcription is brought about by strong interaction
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between intron RNA and DNA target sites (IBS1-
EBS1, IBS2-EBS2, and 8-8'). For example, deletion
of domain V of intron RNA reduces the specificity of
interaction between RNA and target DNA (Morozova
et al., 2002). In addition to sequence-specific interac-
tion provided by its RNA component, intron-encoded
protein also provides specificity by binding and un-
winding the target duplex to abet base pairings
between RNA and the target DNA during reverse
splicing reaction. Also, interactions between intron-
encoded protein and the downstream DNA target site
have been shown to be important for cleavage of anti-
sense strand. The zinc-domain of RT cleaves the anti-
sense strand at a specific site and the RT reverse
transcribes the inserted intron using the cleaved DNA
as the primer. The entire process requires catalytic
activities of both the RT and intron RNA at each step
of the reaction.

Some group II introns are also capable of trans-
position into ectopic sites at low frequencies (Mueller
et al., 1993; Sellem et al., 1993; Cousineau et al.,
2000; Dickson et al., 2001; Morozova et al., 2002).
The mechanism of insertion of group II introns at
ectopic sites is similar to that at cognate sites. Those
introns that are devoid of the ENase domain are de-
pendent on recA for their homing. Although transpo-
sition of S. meliloti intron has been shown to be recA-
independent (Martinez-Abarca et al., 2000), L. lactis
intron is recA-dependent (Cousineau et al., 2000).
Interestingly, ectopic transposition of S. meliloti
RmiInt1 has been shown to occur in natural field
populations (Munoz et al., 2001).

D. Archaeal Introns

Archaeal introns exist in tRNA and rRNA genes
and are spliced by an archaeal-specific mechanism
(reviewed by Lykke-Andersen et al., 1997a). The
archaeal introns are unrelated to the eukaryotic or
bacterial introns, but share significant structural and
functional similarities. These are relatively small in
size, varying from 15 to 110 nucleotide residues.
However, some of these harbor ORFs comprising of
about 600 nucleotide residues (Garrett et al., 1991;
Dalgaard and Garrett, 1992; Burggraf et al., 1993)
and encode proteins that contain the LAGLIDADG
motif, which is normally found in the enzymes en-
coded by group I introns and inteins. Archaeal introns
are catalytically inert in self-splicing, and this seems
to be the rule rather than exception. The mechanism
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of archaeal intron excision involves the formation of
a bulge-helix-bulge motif at the intron-exon junction.
This motif is recognized by an endoribonuclease and
cuts at symmetrical positions within the three-nucle-
otide bulges (Thompson and Daniels, 1988, 1990;
Kjems and Garrett, 1988). Once the cleavage is com-
plete, the ends of the exons are ligated to yield 3' to
5' phosphodiester bonds resulting in circularization of
the intron.

lll. INTEINS

Sequence comparison of Neurospora crassa vacu-
olar membrane ATPase with its Ca?*-dependent AT-
Pase (Shih et al., 1988) disclosed the presence of an
intervening sequence. Consistent with this, two groups
independently reported the existence of intervening
sequence in the 69-kDa subunit of the vacuolar mem-
brane H*-ATPase encoded by VMAI of S. cerevisiae
(Hirata et al., 1990; Kane et al., 1990). The sequence
at the amino- and carboxyl terminal portions of vacu-
olar H*-ATPase of S. cerevisiae was found to be highly
homologous to that of carrot and N. crassa ORFs
except for a central nonhomologous region comprised
of 454 amino acids. Genetic and biochemical evidence
suggested that the VMAI gene product (69 kDa) is
generated by posttranslational excision of the
nonhomologous region followed by the ligation of
amino- and carboxyl terminal domains. Further results
indicated that the two proteins (H*-ATPase and intein)
were encoded by VMAI gene in S. cerevisiae.

Most inteins contain two distinct domains each
harboring protein splicing or endonuclease activities.
Protein splicing is an autocatalytic process, which
results in self-excision of internal protein (INTEIN)
fragment from a protein precursor followed by liga-
tion of external protein (EXTEIN) fragments. The
ligation of exteins resulting in a normal peptide bond
(Cooper et al., 1993) differentiates protein splicing
from other auto-proteolytic processes (Paulus, 2000).
Most importantly, the information necessary for pro-
tein splicing reaction resides within the intein se-
quence itself and the first residue of the C-extein
(Xu et al., 1993). Many excellent reviews have cov-
ered the organization of inteins, mechanism of pro-
tein splicing and its applications (Perler et al., 1994;
Cooper and Stevens, 1995; Shao and Kent, 1997;
Anraku, 1997; Perler et al., 1997b; Gimble, 1998;
Paulus, 2000; 2001; Perler and Adam, 2000; Liu,
2000; Giriat, 2001; Evans and Xu, 2002).
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A. Distribution of Inteins

Over 130 inteins have been identified to date from
the entire taxonomy (eukaryotes, bacteria, archaea, vi-
ruses, and bacteriophages) and are embedded in 34 differ-
ent types of host proteins (proteins involved in DNA and
RNA metabolism, proteases, vacuolar-type ATPases, etc.)
(Perler, 2002; Pietrokovski, 2001). These are mostly in-
serted into highly conserved motifs of the host protein
with no apparent size limitation. For example, al-
though Mja RFC1-3 is four times the size of host
protein, Fne pRPS is ten times smaller (Gogarten et
al., 2002). Although inteins have been identified in
several organisms, they are undetectable in 32 of 85
different genomes that have been sequenced so far,
including Escherichia coli, Arabidopsis thaliana,
Drosophila melanogaster, and Homo sapiens. Among
the eubacterial inteins that are known to date, 22 of 32
inteins exist in mycobacteria. While most mycobac-
teria harbor one or two inteins, Mycobacterium leprae
harbors four in gyrA, recA, dnaB, and ppsl genes
(Cole et al., 2001; Davis et al., 1991, 1992) and
Mycobacterium tuberculosis contains three in recA,
dnaB, and ppsl genes (Cole et al., 1998). Intein-
coding sequences disrupting recA and ppsl from
M. tuberculosis have been found to be specific for
M. tuberculosis complex (Saves et al., 2002a). Intein
sequences in RecAs have been identified in both
pathogenic (M. tuberculosis and M. leprae) (Davis et
al., 1994) and nonpathogenic species (Mycobacte-
rium chitae, Mycobacterium fallax, Mycobacterium
flavescens, Mycobacterium gastri, Mycobacterium
shimodei, and Mycobacterium thermoresistible)
(Saves et al., 2000b), and in slow- and fast-growing
species of mycobacteria (Blackwood et al., 2000).
Depending on the location of inteins in RecA protein,
they are classified into two groups: (1) RecA-b site,
where intein is located downstream of Gly?® (as in M.
leprae) and whose equivalent in E. coli (Gly**) cor-
responds to the DNA-binding Loop 2, and (2) RecA-
a site, where intein is located downstream of Lys>!
whose equivalent in E. coli is a region for which no
direct function is implicated. Biochemical character-
ization of the endonuclease activity of Ppsl intein
from M. gastri (PI-Mgal) and M. tuberculosis has
been reported (Saves et al., 2002a, 2001b). The oc-
currence of inteins at such high frequencies in myco-
bacteria posits a probable physiological role. A cata-
log of inteins in all the three biological kingdoms and
their insertion sites is given in Table 1 and also avail-

able at: http://www.neb.com/inteins.html or http:/
[bioinfo.weizmann.ac.il/~pietro/inteins

B. Structural Organization of Inteins

Inteins range in size from 134 (Mth RIR1) to 608
(Pab RFC-2) amino acids and are organized into 10
conserved motifs designated as A to H, N2 and N4
(Pietrokovski, 1994, 1998a; Perler et al., 1997b; Perler,
2002). While the amino- (blocks A, N2, B, and N4)
and carboxyl terminal (blocks F and G) domains are
responsible for protein splicing, the central domain
(blocks C, D, E and H) harbors the ENase activity
(Figure 2). However, in PI-Scel part of the DNA-
binding domain is embedded within the amino-termi-
nal region involved in splicing of N-terminal extein
(Grindl et al., 1998; Hall et al., 1997; Moure et al.,
2002; Werner et al., 2002). Comparative sequence
analysis suggested that such an organization is very
rare among inteins (Dalgaard et al., 1997a, 1997b;
Pietrokovski 1998a). The consensus sequence in the
individual blocks of intein and their involvement in
two different activities are listed in Table 2.

Inteins with unique structural and biochemical
properties have been identified in different organ-
isms. One group designated as “mini-inteins” contain
130 to 200 amino acid long polypeptides lacking the
ENase domain (Porphyra purpurea dnaB —
Pietrokovski, 1996; Mycobacterium xenopi gyrA —
Telenti et al., 1997). In M. xenopi gyrA intein, the
central ENase domain was replaced by a small
(24 amino acids) nonhomologous spacer, followed
by nine amino acid GyrA intein sequence (Telenti et
al., 1997; Klabunde et al., 1998). Because mini-inteins
lack ENase domains, the mechanism of their dis-
persal remains a fascinating area for further investi-
gation. Additionally, noncanonical inteins were also
identified by Hidden-Markov analysis in the genomes
of few eubacteria (Gorbalenya et al., 1998). One such
intein was found in the genome of Methanococcus
Jjannaschii where ‘Ala’ is substituted for Ser/Cys at
the N-terminus of intein (Bult et al., 1996), and three
in Synechocystis sp. PCC6803 (Pietrokovski, 1996;
Chen et al., 2002a; 2002b; Wu et al., 1998a, 1998b;
Evans et al., 2000; Martin et al., 2001; Perler, 2002;
reviewed by Gogarten et al., 2002).

IV. HOMING ENDONUCLEASES

HEases are believed to play key roles in genome
rearrangements and shuffling of protein domains
during evolution (Dalgaard et al., 1997a). For ex-
ample, HO endonuclease (F-Scell) of S. cerevisiae, a
free-standing HEase, initiates mating-type switching
by inflicting a double-strand break at the MAT locus,

205

RIGHTS LI MN Kiy



E-YWA IVININOHIOO/NH J/ONAIIVASNS €829 aodag | 189s-id | #Sv YIWA 898
e-geup INTQVYAD3IS/NH 0/98341asST1d 19€9 SUON aN 0SlL | geugndd
e-geup IAAQVAD3IS/NH o/OSINIASTId 9.£9 SUON aN 091 geug 4io
e-gcliid NINSTIIOSNH | OVHEMATOIML | ov | euoN | aN | zzb | (SGdOO)
E-WINA IVYWINOHIOO/NH J/ONAINAASNS €879 aod aN Liv VWA 4O
n-ﬁ%m Sa.idiiiaso/ng OMINSOMILTION LL21 aoda aN 6ce LAY A/D
NI
oy oNgoS mwmw_a&%:m IOSYOODISS/NG | O/3dOHIWAHOD | %3 | @oa | aN | osv | ddiones
uopaun/ uotjoun| uleyxg Jow | Ajanoe
8jis uoglasu ao1ds Jeuiua}-9 99)|dg |euius)-N | ul uogeso] | opug opu3 ezls utau
eAle)n3g

"UleMaouUN ‘¢ (a]qe1o9)ap lou ‘gN ‘Hiow SIH-usy-SIH ‘HNH ‘mow apndadesapop ‘qoQ@ "ainjejouswou jualind ay) o}
Buipioooe pajeubisap ale uonelusawddxa Ag saseajonuopud Se pajelisuowdp suidlu] “sanpisal p1oe ouiwe uonounl aoids
[euiwid)-jAxoqued pue -ouiwe pue ‘auab }soy ay} ul UolBIOo| ‘9zIS 119y}l UM aidy palsi| ale swisiuehlio Jualapip wouy uisiuj
BoRYIIYy pue ‘elaloeqng ‘eAie)yng wiod} suidiuj
I 379Vl

*Ajuo asn feucssed 1o
ZT/SO/TO U0 9ET 7€ '€9T 68 AQ W0o'8./eay} festjewioul woly papeojumod ABojolg xenos (oA pue A1siusyoolg uismaingy [eanL

206

r-‘}.

RIGHTS L



207

RIGHTS LI MNI

JA) ®)is 8Aloe Ja)y ‘e-yiAb WV1dLTHVYIL/NH O/AHNVYYddAND 0ELA aod anN 0Zy viho s
(dooj-d) v jnows 8yis BUQ 8
BUIPUIG-dL D/ LY ‘G-5BUP SUWAATOTLS/NH VMONDJHYVAI XA anN anN Sl geud siw
JA) a)s aAljoe J1ayy "e-yAD WVYI1dLTHVILUNH O/AHNWYVYAdAND LA aoda an 0Zy VA ey
(dooj-d) v jniow sys . N
BUIPUIG-d L ©/d LY ‘G-geup SHIHATIO1LS/NH YINONDLHYVAI XA aoda aN Gee geuqg up
JAL 8ys aAnde 18y ‘e-yuAb WY1dLT9V3 LUNH D/AYNVYVddAND LA aoda an ocy VIR 0BN
q-yoas YHOOLL1IdS/INH DIDANADINAY ) aoda an 89¢ voay ebyy
o-4Sdd AAAZSINN D/AADVVA ] aoa | 1ebw-id 8.¢ Lsdd ebyy
A1 8yis anpoe Jeyy ‘e-yuAb WY 1dLTYV3L/NH D/AHWNVYVYddAND LA aod aN ozZy VIR BB
voey
g-yo8s YHOOLL13dS/NH Q/IDANADIMIY %3} aoa anN voe vLvPLO01Y
_ YN
q-voas WYADDL113dS/NH D/9IWADINTYT 5029 aoa aN ¥9¢ o9y N
K1 ayis aAloe Joyy ‘e-yiAb WV Id 119V LUNH DIAINYVYAdAND LA aoda an Ly VRS U
q-yoaJ WYM99L1L13dS/NH D/IDANADINMTY 9 aod aN £9¢ ooy ej
q-yoaJ WA9OLL1IdS/NH J/DANADINIY {9 aod anN ¥9¢ Voo YoW
Coord) v diows oS SHTQIOULSINH | VHOADJMWYAl | zeo | doa | an | sge | geuaaew
Bulpuig-d19/d 1V ‘q-geup
(dooj-d) v show g
ous BUIPUI-dLS/d LY ‘e-Z/us MTIHVILOTUNH vAYDT1ONaavl £69M aoa an €€ | | 018s4u-2/0
. RETHY]
. q wm\m FOALIHITDD/NH D/dNLSHITAYI ovd aoa an 99 || 010/1x8i0
00|-d) V JHow TS
SUS BUIPUIG-LS/d LY "e-ZIUS L1O1L/NH VAOTOWaavl £69 aoa an €V | o ppl4x-2/0
q-LHId INd TIdOIOD/NH D/dNLVIIFDTO ¢led aod aN Lyid eyg
e-dAy 410 ATVAYYY13IS/NH OMONINJITAA ¥8M aod aN £Ee dAH Y10
e-dAy neo . OLWILSHMAS/NH OIVMOIANTINLIN 8/2v aod an 9/2 dAH neo
g-LdId NOSSOIAISI/ND D/INSINANSIH Al aoa aN G8¢ LY nsg
e-jodp HVYVYVOOIINIO/NH DISHOOAIMTHT 809S SUON an 90¢ jodp 1384V
8)is Bulpuiq [B}oW "B-z/Y IINSJTLAHD/IND o:momz;w__o 6221 aoa an ove zdid eey
uonsun| uonoun| uixg u | jpow | Ajapgoe
ous uopsasuj wu__aw jeuiuisl-) 00:&& jeulwlalj-N Uoied0T opuy opug ezs urayu|

EIE G E]

*Ajuo asn feucssed 1o
ZT/SO/TO U0 9ET 7€ '€9T 68 AQ W0o'8./eay} festjewioul woly papeojumod ABojolg xenos (oA pue A1siusyoolg uismaingy [eanL

('puoo) "L 8qe L

-:-1}



jjow Xoq-gv3a

aseoyoy onemd sxeup | NAVVASTAHONH | O/EGIAAANAND 6123 |aoa| aN ey Xeuq dss
SUIBWOp ,
BuipuIq ney pue ereg ‘e-geup | AVASHSINAONY | O/AZVANANOQ PLLA [ SUON | ON | 9B4EZL | Souqdes
e-geup WHGYGOIISINA | D/5S3u 0SNG 08¢ | dod | aN 62v geuq dsg
T ADSSOIASSOIND | O/ INSIHIAISIH 0se1 | dod | aN 5ee NLES
e-geup IAMAGYADIISINH | D/9ST1asT1od 0cvd [ aoa | aN 82y geuq ey
] aSIHOYNOVS/NH DISHINOVALLA Sled | aod | aN 0% NS
sulewop
BuIpUG nE) pue Bieg ‘e-geup |  AVLSHSYNAONS | O/A3vATWAGH GLLA | oUoN | aN | oe+zol | Zeuqdsy
e-geup IATOVAOIIS/NA D/OSIIIASTNG ggco | @od | aN 62 geuq dsN
G-giAb IS DIVSWOO/NH D/OIGADAYYAI 75 | HNH | _aN z2e ik fidN
Suleluop
BuipuIq ey pue srog ‘egeup | AVLSHSINZONS | O/AZVANTWOIA 9lLA | suwoN | aN | eg+zoL | 3euqndy
e-geup IATOVAOIIS/NA S REEN S ggeo | dod | _an 627 geug ndy
1K s SARE IoUY BB | WYIdLI1dVAUNH | D/ANAYVAAAaND A SUON | GN 861 Viko Xy
vo5y
-yo8. -
ey JIVONAAASONH | DINMAANAMLY isoi | aod | mad | owr | YO
} geuq
e-geup IMAVAOIIS/INH |  O/9s3u1avINd 66€0 | doa | an W | e
geuq
e-geup IMAYADTISINH | 0/98341aVING 660 | doa | an oLy 1551009
| -
Grsad SOSIAIAVIOINA | D/O3AAAAASOT 7520 | aod | an 658 [sdd A
el VYOO LLIZJS/NH DIOINADDITY ) aoa | aN o8 ooy I
e-geup WANQVAOIIS/INH | 0/9S341GSADd tso [ aoa ] an Sev | z-geud Wsw
(dool-d) v nows Sys SUNIATOTLS/NH VINOADEWVII J€2 | euwoN | aN 6L | L-geuq wspy
BUIpUIG-d 1 D/d LV ‘d-geup
Gvoei VOO LLL3dS/NA R GEN ) goa | aN oe Vo5Y GSI
1K VIS A€ 1oy e-yiAD GVILNH DIAINYVddNND A goa | an 0cr VIkD Bup
VNG UM SEIaU1 T2U)
7 ool pasoponid ‘Gross | VHOOLLIIASNH |  O/OSWNADINENT s0zo | doa| an goe vooy o
e/ sdd HADJAAAIISING | O/ODSMAVINTY 1026 | aod | AN 988 1sdd A

*Ajuo asn feucssed 1o
ZT/SO/TO U0 9ET 7€ '€9T 68 AQ W0o'8./eay} festjewioul woly papeojumod ABojolg xenos (oA pue A1siusyoolg uismaingy [eanL

(pyuoo) °| sjqey

208

-:-1}

RIGHTS LI MNI



209

RIGHTS L

V 10N [od _m.a% ASIIISdATIS/NH Ord4ansiigad Gerd aoa an 69¢ L-lod el
0/£00Sd @injeubis
oS0l ‘B-uAS 4T TIYSAIVVHO/NS O/11993ALAIV ol¥L aoa aN 454 d3d elw
a e-v/qx VSNVYHILOSI/NS | V/OQHOLNWYAT ) SUON anN 891 vam el
00|-d) V jour ajis el
BUIPUIG-d1 ©/d1Y ‘©-z4l IAHIMATILLNH OMOHAAHDTIND 0eX aoa anN ovs zdielw
e-1dAy el MATSIMJL4O/NH | O/HVLOIT199Ad 8ZIH aod anN z6¢ |-dAH elw
saseodl|ay
xoq Hv3Q Pue gvaad HHOdINTOVS/NH OMLdLIDIMI LE€7 aoa anN 10G aseolaH el
JO A Jlo| ‘e-eseoljay
e-d949 OANSHLVYMYS/NH | O/HOIDINDAId v/H aod aN 66V do-49 el
e-| jod TNADQIADA0/0D | JINYUNVYVHIAC GZ6N - BUON aN 6 | jog sz-%k
(dool-d) v J3oul ejis Buipulq. 12000
~d1S/dLY €-12905 INDAASINDS/NH oIMOLO4AaIT] Z8 BUON aN Z8l LMN-OSH
q-L8Id IAdT1dO3OD/NH D/dNLSIIADIN LEvd aod anN 99¢ EEEE]
g-;sdd SSINAMAVLO/NH | O/93IAHAMYOT Zveo aod anN 9g¢ | | sdd de
e-dAy ady AHITOMOLVYS/NH |  S/OLLIVADSAT GLLD aN 89 dAH ady
uonounf uonounf EVE] How Aianoe
s uontasu a9ljds jeujwie)-9 99)jdg Jeuluud)-N | ul uoneson opug opugy | az1§ eyl
eaeyaly
. n,wu@ Vd99S.LLIdS/NH RERINERR 6979 aod an 16€ 2-vo9y nyi
00}-d) V Jow
ous BUIPUIG-d 1O/ ALYy ‘o-yoas | NVAVHIVALUNH OMOSSIIOAIT S6M aoa an A% L-vood niJ
(doo-d) v Jjow .
oUS BUIPUIG- L O/ LY "E-ZJUs MT4VILOIL/NH IMOTONAAYTO N agoa aN 69¥ Zus I8/
oselawos|odo
VNG 10) oimeuBiS orguds | HHHCHODNVSINH | O/OSVSAOIATA | 6€vO | HNH | ON vve gk so.
aselsLosiodo
VNG 10} bl oegus | RIMCHODIVSINH | 0/99VYSA9IAI 9ev® | HNH | aN sev giho dss

*Ajuo asn feucssed 1o

ZT/SO/TO U0 9ET 7€ '€9T 68 AQ W0o'8./eay} festjewioul woly papeojumod ABojolg xenos (oA pue A1siusyoolg uismaingy [eanL

r-‘}.



e-Ly1Y JUIMSANTOLUNH [ D/ODOWMODINVA LOED aoa aN 66€ L-d1Y ged
9-04 dIINSSAND/NH DISTIIHANSSH 1¥9S aoa aN 809 Z-04d qed
{cookd) v Jnoul eis ddOVA1 N aoa | an | esr -044 q8d
BUIPUIG-dLO/dLY Body | FUYIVIVVLUNH IHOND 1-0
e-|| jod TNAYAIADAD/OH | OINYEMVYVHAAd ¥G6N BUON aN g8l I 1od qed
e-2eopy dIOTUVAIIO/NS | O/AMONINDEUNL GSLA aoa aN SGY EBOW G4
e-uof THYILIOTOOSINY | 0/04daHIAADT 0220 aod an €ee uo geq
e-yq) VSNSHILOWO/NS | W/OAHOLINWVY1L 12 QUON aN 961 YAy Ged
(dool-d) v yjow ays e
BUIPUIG-d L /41 ‘B-Z] DAYINATILUNH IHOHAAHDIAY ozH aoa an ¥6E Z41 ged
a : g-122dd - L43QUAAVYY.LUNH OM9OVYVSSSHOS GzZS1 an 89z | z-120aD qed
00l-d) V Jjow ays buipuiq
-dLO/d1Y ‘B-12909 INVIAYTIOS/NH IMVADLADATI PEEN SuoN an 9L | 1-12000 ged
q-L¥IN IHL11dOIDD/NH O/dNLYIIEDTO 59zZd SUON aN vEL LI G
G-04 HIAGIOYIAS/NH SIYNT1ITINCEM Z8v aoa aN G0¢ 244 WKW
e-gaju YVSIFYIVIOINS O/ANLNALTIAT 09ZA aoa aN 116G gadiN wyw
e-9sed |y O41FHIMNIS/NH SIAOAMMSIAIM €93 aod an ¥6€ ased 1y Uy
a)is 8AOY 'e-a9 dan NYIAGYd3O/NH JISOOADIOVN 092S aoa an vSv as 4an e
e-giidl ALSTOMNAHILUNH SIALNAVYONEDY B6A aoda aN GEE m__m_» M_wms
Z-dAH
e-goy INLHITIADI/NH JINIAIOADDIS /6N aoa an 88Y | i) gon Bl
e-,y/0dy OA4AYNADDIND | O/ADTINHYEALHA EIVA aoa aN Zsy v [ody ely
e-, //0dy ADVAHALYWLNH | S/INOLDJIDISD GIIN aoda anN VP .V 100y el
q-3NS AQTHVIHOVUNH | S/SIVALOIALM 8S01LS aoda aN €€ Z-dNY el
B-3NY J3INISSHIUNH SIODDHVAAWDON LEED aoa aN €S L-UNY elw
9-0-4Y ddINSdAND/NH D/STI4HOAASA vZLLS aoda an €Y €-04y elw
q-044 HIAQIDE3AS/NH S/YNTITINQEM 9z9v aoa aN 34 Z-odd elw
(COOF) VIOU WS | quvIDIWVLLNH | ODIOASddDSHT N aoa | aN | evs |  1-0ddeEM
Buipuig-d19/d1V ‘B-048 ’
oIS oo’ mh\,\_w_ms o ‘eihbes | SLSSLEHALONH 219134130V 9981 aoa an 4514 Ko-1 el
g MoN Iod ‘q-7od Hd4VIADAAS/NH SINVIMISHO3I 288N aod an 9/v Z-lod elw

*Ajuo asn feucssed 1o
ZT/SO/TO U0 9ET 7€ '€9T 68 AQ W0o'8./eay} festjewioul woly papeojumod ABojolg xenos (oA pue A1siusyoolg uismaingy [eanL

(Pyoo) °| sjqe

210

r-‘}.

RIGHTS L



211

o A e+ | HisaLuHALONK | onevasaovt £567 goa | an | o o
e-11/0d TNAVOSADTOMOH | OINSEDIVVHIAD | vG6N SWON | aN | go1 IT10d 0Ud
& JIOW 1od ‘G700 MVADAADAASINH | SINVIDIVEOY 26N @od | aN [ oor 1 10d 0lig
e-Uoj THVYILOTOOS/NY_| D/03dOHYAGDT | 012D aod | _aN [ iy Uo OYg
E-HT QI9TITSLSSINY | OIM\WHTIORNT | oveA @od | aN [ civ HH 0l
E-v/gY VSNSHILOWO/NS | V/OQHOINWYL] | LGvo @od | anN | ozs VI Ol
(dG0-)) V oUW S¥S o
BupLI L1y ey | ARMATILUNH | OMOHGAHOTAY 2o aoa | aN | vbr 241 04
o000 135GUIMWVVUNH | OFIOVVSSSHOS | 62e1 [ Umobiun | _GN | 082 | 2-120a0 odd
G0I-d) V Jiow o¥s BUpUq
oLy erzogs | INVAANTIOSINH | OBIVADLOOATT | peed suoN | aN | 8oL | 1-120a0oud
buporg o Els | mvToHoLALUNK | ontesoddody | oves aoa | an | sz VWA i
oy A e+ | YDST1udASONH | oreEATsOV pied aoa | an | ez vdoy i
- . (¢-dAH
e-goy INLYITMADONH | OINIGADIOOAS 16N goa | N |ose| o0l 0H
CEEYRY FAIATdIIO0ONH | D/dNLVHIdOOY v16d aod | ig-id | 2ee Z-uld Y
Bl JUDISINTOUNH | D/ODOWNDINVA | 108D aod__| iid-id | vy i i
(dooj-d) v yow ays n
BUPUIG LAy ‘Sgy | TEVIVIVVLUNH | OMOADddOvAT 65X aoa | an | szs O i
e-Uoj SHVJ1OTODS/NY | O/OJdaHUAGDT | 6020 aoa_| AN | jov 06T i
] VSNVHILOWO/NS | W/OGHOINWYIA |  €9v9 aod | AN [ zzs VI Tid
(dool-d) v Jjow ayis n
BUPUIG Loy gy | LRIRATILUNH | OMOHAAHOTAY zoN aoa | anN | s8¢ 2l g
9-120aD 1IIQUAVYVINH | OIOVVSSSYDs | o8l SWN | _aN | 706 | 120G0Mid
(d50I-d) V JHow oFis
BUPUIG-a L Srdly ‘G | MIVTOHOLAUNH | OMOSOddodly | ove aoa | aN | ez VA Ged
e-goy INLMITYADOINH | OINIGADIODAS 16N aoa | an |oeev | © Mwﬂawmw
Ty SAINIJIIOONH | O/INLVHIdODY | Z621d Q0q__| liged-id | 28t | & LMl Ged
Y THNISAJOSINS | O/VVOLIIONG 22y Q04| 198<1d | 8ev | z-ulid 98d

('pyuoo) | ejge|

‘Ajuo asn feucssed Jo4
ZT/SO/TO U0 9ET 7€ '€9T 68 AQ W0o'8./eay} festjewioul woly papeojumod ABojolg xenos (oA pue A1siusyoolg uismaingy [eanL

r-‘}.

RIGHTS L



supte ) ORI 1 | mvoHDIAUNA | oniesoadedny | see suoNn | an | ess VWA OAL
3 10N [od ‘o-0d OdILVAI9AUNH | S/OvAYEON | 6Z0id Goa | aN | 68¢ | z1od 839051
8 4191 19d "G00 AVADAAOAASINH | SINVIIVHOY L6YN a0a | aN | g5 | iod 839-9ss
3 JIOW 10d 000 SdILVAIOAUNH _|_S/QVAIAIIOM | 18010 aoa | Wi-id | 0ee ALELN
8 J40W 14 G400 SIJADWADAASINH | SINVIDIVHOY Y6EN aoa | wi-id | 8es |10d /1L
& 4O Iod “d-od UVADAADAASINH | SINVIMIVHOY LS8N R e
V IH0N 10d €00 HLIISIATSINA | O/93GTANNGM | ovd doa | 1o%d-id | 06¢ (1-10d
Od) L-1od OX1
O 10N Iod ‘o-jod OdILV44OQLUNH | SIAVATANHDSY | #poLa aoa | Wurid | ese z-1od Ay
& JIOW o4 "G00 UVADAADAASINA | SINVIDIVYIOY 85PN aoa | aN | Zes 104 A4
3 JHO 104 20d OdILVIIDAUNH _| S/AVAIDHOD | 0060 aoa | 1moid | eee Z-0d /L
V JION 10d 600 HSIISJATS/NH | _ORIIQIAVINGM | 90vd Q0a | miid | 09€ 110d 741
‘ = |Q
3 JHOW lod ‘0-od OJUVAIOQLNH | SIVATOHOD | wpid | euon | aN | sg | CTPdALGD
. od ALd
8 JHOW Iod ‘a-0d MJADINADAAS/NH | SINVTTIAVHOYM | ¥G8N aa | an | e | (CIOdALED
. Tod ALd
V JHOW 0d ‘e-od HLAISIATSINH | ORJAQTAVINGM | 60%Y aoa | an | oge | HIOdALCED
(dooj-d) v Jpow s o VINA
BUPUIG- 1971y ‘G | MOVIOHOIAUNH | OMOSOAdOdAY | see WN | N | 2| oo nsaaen
(dool-d) v yow sy VA
! o MYVTOHOIAUNH | OMOSOAdOdAY | Se2 SN | aN | el | 0852001V
Buipuid-d19/d 1V ‘a-¥AA o8]
T Iod 7ol NVADANOAASINH_|__SINVINIVHOY Z6vN dod_| 165qid | 265 | 1od Gg9-d5d
00-d) V 40U SIS
BUpLIG o Loyl ‘Gwn | MAVIOHOLAUNH | O/MOSO4dody | ove aoa | aN | 9z VINA Ol
. (¢-dAH
e-goy INLYMTUADONH | OINIGADIOOS L6N a0d | aN | 068 | o gor o
ST SAIAIdTIO0NH | D/dNLVEIdO0Y I9vd dod | aN | gee ¥l Otid
(dooj-d) v yow ayis
BUPUG-a oLy gy | TESTYIVWWLUNH | OMOASAAOVT X aoa | aN | sz 04 0Ud
dooy- ow sys
b S o | Wvitvioune | onoseszoia | ze swN | aN | 2z ———

‘Ajuo asn feucssed Jo4

ZT/SO/TO U0 9ET 7€ '€9T 68 AQ W0o'8./eay} festjewioul woly papeojumod ABojolg xenos (oA pue A1siusyoolg uismaingy [eanL

(‘pyuoo) | 9qey

212

-:-1}

RIGHTS LI MNI



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

E3 E3
LAGLIDADG LAGLIDADG

N-terminal splicing C-terminal splicing
region region
Motifs: A N2 B N4 C DE H F G

N-Extein C-Extein

Conserved
residues:

FIGURE 2. Structural organization of LAGLIDADG family of inteins. Linear representation of the LAGLIDADG
family of inteins showing a central (closed and open) region corresponding to ENase and protein splicing domain
flanked by N- and C-Extein sequences (thick lines). The conserved amino acid residues at the amino- and carboxyl-
terminal splice sites involved in protein splicing are in bold single-letter codes and boxed. Inteins contain 10 conserved
motifs designated as A, B, C, D, E, H, F, G, N2, and N4. Of these, the central four (blocks C, D, E, H) contribute to
ENase function, whereas the remaining to protein splicing activity. The dodecapeptide motif containing the active site
aspartate or glutamate (indicated by asterisk) is normally located in blocks C and E.

TABLE 2
Consensus Sequence Motifs of LAGLIDADG Family of Inteins
BLOCK CONSENSUS SEQUENCE MOTIF
A ChXXDpXhhhXXG N-terminal splicing
GXXhXhTXXHXhhh N-terminal splicing

Cc LhGXXhhaG DOD
D XKXIPXXh DNA binding
E XLXGhFahDG DOD
H pXSXXhhXXhXXLLXXhGI DNA binding
F rVYDLpV[1-3 residues]aXX[H or E][NFh | C-terminal splicing
G NGhhhHNp C-terminal splicing

(Uppercase letters represent the single-letter amino acid residues and lowercase letters
represent amino acid groups: X, any residue; h, hydrophobic residues (G, A, V, L, I, M);
p, polar residues (S, C, T); a, acidic residues (D or E); r, aromatic residues (F, Y, W);

DOD - Dodecapeptide motif) (reviewed by Perler et al., 1997a; Gogarten et al., 2002).
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thus changing the phenotype of the yeast cell (Strathern
et al., 1982; Kostriken et al., 1983). The double-
strand break is repaired by the components of ho-
mologous recombination using sequences from either
of the two silent loci (HML or HMR) that flank the
MAT locus. As a consequence of switching, daughter
cells display mating-type opposite to that of their
mother cells (Klar, 1987; Bobola et al., 1996; Long et
al., 1997). Similar to mating-type switching, “intron/
intein homing” is also initiated by a site-specific
ENase.

Initial studies on intron- and intein-encoded
ENases showed that these enzymes contain a con-
served LAGLIDADG motif and, consequently, are
grouped under the family of LAGLIDADG HEases
(Hensgens et al., 1983). Later, characterization of
phage T4 intron-encoded HEases revealed anew GIY-
YIG motif (Bell-Pedersen et al., 1990), and sequence
analysis using Hidden-Markov algorithm identified
H-N-H motif in HEases (Ellison and Vogt, 1993).
Based on the type of conserved sequence motifs,
HEases are categorized into four families:

(a) LAGLIDADG

(b) GIY-X(IO-I[)-YIG

(¢) H-N-H
BBo-Me
(d) His-Cys

An array of 22 amino acids containing three of
the four secondary structural elements is shared be-
tween H-N-H and His-Cys box enzymes. Interest-
ingly, the catalytic metal-ions are located at identical
positions in the crystal structures in both families of
HEases. Because of such remarkable structural simi-
larities, the His-Cys box and H-N-H ENases have
been grouped under the category of Bfo~-Me (three
secondary structural elements and a metal-ion) fam-
ily (Kuhlmann et al., 1999). However, little or no
structural homology exists outside this central core
(reviewed by Chevalier and Stoddard, 2001b). In-
deed, one additional feature of His-Cys box family of
HEases, which distinguish them from H-N-H family,
is the presence of tightly bound and catalytically
active zinc in the core-fold. In this review, we focus
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on struructual and functional characteristics of each
HEase family with relevant examples.

A. LAGLIDADG Family of HEases

The LAGLIDADG family of HEases (with >200
members known) is the much-studied family of
HEases. Members of this family contain one or two
copies of the conserved LAGLIDADG motif. The
two motifs in the monomer, referred to as P1 and P2,
are separated by ~80 to 150 amino acid residues
(Hensgens et al., 1983; Michel and Cummings, 1985;
Perlman and Burtow, 1989). The HEases, which har-
bor one LAGLIDADG motif bind as homodimers to
a pseudo-palindromic target DNA sequence with two-
fold symmetry (I-Crel: Chevalier et al., 2001a;
I-Ceul: Turmel et al., 1997), whereas those with two
motifs bind as monomers to asymmetric target DNA
sequences (I-Dmol: Dalgaard et al., 1994; PI-Scel:
Christ et al., 1999). However, both types bind long
recognition sites (20 to 30 bp) and inflict a DSB in
their homing site resulting in cohesive ends, usually
with 4 nucleotide 3' overhangs.

Although LAGLIDADG enzymes differ signifi-
cantly in their primary structure, they display similar
topological arrangement of helices in their core struc-
ture (o1-B1-B2-02-B3-P4-03) (e.g., PI-Pful, Figure 3).
The o helix in each subdomain of a monomeric or
dimeric HEase contains the dodecapeptide motif. The
two motifs (in a monomer or dimer) are juxtaposed
by van der Waals interaction related by a pseudo-
twofold symmetry (Figure 3). The conserved Gly at
the bottom of the helices induces a sharp turn and
positions the acidic residue (Asp'*/Glu®?, Figure 3)
at the protein interface to place the divalent cation at
its active site. Whereas Asp or Glu embedded in the
LAGLIDADG motif of the a-helix is implicated in
hydrolysis of the phosphodiester bond, the saddle
formed by the B-strands offer specificity for binding
of LAGLIDADG HEases to the entire length of the
target recognition sequence (Figures 5 and 6).

S. cerevisiae TFP1 intein (later termed as VMA1-
subunit of Vacuolar Membrane ATPase) was the first
LAGLIDADG intein HEase to be identified and char-
acterized. Sequence analysis of VMA/ intein showed
a high degree of homology (34% identical) to
S. cerevisiae HO ENase (Gimble and Thorner, 1992;
Dalgaard et al., 1997a; reviewed in Gogarten et al.,
2002). Analogous to intron-encoded ENases, VDE
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FIGURE 3. Ribbon diagram of Archaeal intein PI-Pful endonuclease domain. The putative active site acidic amino
acid residues Asp'®and Glu?° from the two dodecapeptide motifs present in 02 and 06 helices, and the Asp'”® and
Lys®2? presumed to facilitate catalysis are indicated. This figure was prepared by MOLSCRIPT using the coordinates
obtained from Protein Data Bank (1DQ3.pdb) and reproduced with permission from Elsevier Press.

(Vacuolar membrane ATPase Derived Endonuclease;
PI-Scel according to current nomenclature) cleaves
inteinless allele efficiently in the presence of Mg
(Gimble and Thorner, 1992). In addition, PI-Scel
cleaves at a single site in bacteriophage A DNA in the
presence of Mn?*. Interestingly, cleavage efficiency
of PI-Scel is enhanced (2- to 2.5-fold) if the inteinless
allele is embedded in a supercoiled plasmid, suggest-
ing a role for the topological context of the homing
site (Wende et al., 1996). By primer extension analy-
sis, the precise location of cleavage by PI-Scel was
mapped in both VMAAvde and A-DNA. In both the
cases, PI-Scel generates 3' extended cohesive ends
with four nucleotide 3' hydroxyl overhangs and 5'
phosphates exactly at the position where PI-Scel cod-
ing sequence was located in the VMA1 gene. The
cleavage site sequence between VMAAvde and
A-DNA were substantially similar (over a 37-bp
stretch) except for a CeG — TeA transition in
A-DNA. Subsequent analysis of the cleavage site re-
vealed that PI-Scel might promote homing of its cod-
ing element in vivo (Gimble and Thorner, 1993). In
general, the solution conditions required for most
LAGLIDADG HEases to display ENase activity in-
clude 1 to 10 mM of divalent cation (Mg*or Mn?*),
alkaline pH, and monovalent cations (Na* or K*). The
presence of Mn?* induces relaxation in the specificity

of cleavage sequence by PI-Scel and PI-Pful (Gimble
and Thorner, 1992; Komori et al., 1999a).

B. Common Tri-Partite Structures of
Intein-Encoded LAGLIDADG HEases

Structural studies revealed that the tripartite struc-
ture of PI-Pful and PI-Scel contain, in addition to the
protein splicing and ENase domains, an additional
domain called the stirrup domain or DNA recognition
region (DRR) (Ichiyanagi et al., 2000; Duan et al.,
1997). Although both enzymes appeared to be topo-
logically similar in their three-dimensional structures,
but display distinct differences: (1) B-strands in PI-
Scel are twice as long as PI-Pful and, consequently,
the DRR in PI-Scel shows extended conformation;
(2) DRR domain of PI-Pful makes contact with the
other two domains, while it is not in PI-Scel, and
finally (3) DRR domain is inserted in the linker re-
gion between ENase and splicing domains, whereas it
is present in an internal loop within splicing domain
(Figure 4). The DRR domain (~9 kDa) has no se-
quence similarity to any other protein in the sequence
database. Surprisingly, the protein-splicing domain
of inteins (PI-Pful, PI-Scel, Mxe GyrA) displayed
structural similarities to the developmentally impor-
tant hedgehog proteins. Therefore, the fold in the
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Endonuclease

Pl-Scel

Protein
- Splicing
<« Domain

Endonuclease

Pl-Pful

FIGURE 4. Ribbon diagram representing tripartite structure of PI-Scel and PI-Pful. The ‘Hint' domain, ‘ENase’
domain and the DRR or Stirrup domain represent the tripartite structure of the two-motif HEases. For further details see
the text. (Reproduced with permission from Ichiyanagi et al., 2000; Duan et al., 1997 and, Elsevier Press and Nature
publishing group.) This figure was prepared by MOLSCRIPT using the coordinates obtained from Protein Data Bank
(1VDE.pdb for PI-Scel, and 1DQ3.pdb for PI-Pful).
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Sheet 7
Sheet 9

FIGURE 5. Co-crystal structure of Pl-Scel with its cognate DNA. Ribbon diagram of PI-Scel bound to its homing
site DNA (ball and stick model). Loop 53 — 70, sheets 7 and 9, and the loop in DRR are involved in DNA recognition.
Helices (o4 and «7) containing the LAGLIDADG motifs are labeled correspondingly, and the two calcium ions are
indicated as grey spheres near the point of cleavage in the DNA. The structure is reconstructed from the coordinates
using MOLSCRIPT (1LWS.pdb) and reproduced with permission from Nature publishing group.

FIGURE 6. Crystal structure of I-Crel complexed with its DNA homing site. The Ca?* ions in the substrate bound
I-Crel inactive complex is coordinated by Asp® from LAGLIDADG motif, oxygen atom from scissile phosphate and
another phosphate directly across the minor groove of the cleavage site. For further details see the text. (This figure
is reproduced with permission from Jurica et al., 1998 and Elsevier Press.)
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protein-splicing domain is designated as ‘HINT’
module (Hedgehog INTein module) (Hall ez al., 1997;
Perler, 1998; Amitai et al., 2003).

C. Binding and Distortion of DNA by
LAGLIDADG HEases

Studies of many DNA-binding proteins, particu-
larly REases, have provided evidence that the mecha-
nism of search for target DNA sequence involves
binding first in a sequence non-specific manner, fol-
lowed by sliding along the DNA. It is known that
many LAGLIDADG HEases show high affinity (K
= 5 to 30 nM) to DNA, but the mechanism by which
they locate target DNA sequences remains to be elu-
cidated. Consistent with biochemical analysis,
PI-Scel was shown to bind Region I (proximal to
cleavage site) of target DNA sequence via the major
groove (Gimble and Wang, 1996; Pingoud et al.,
1998, 1999; Moure et al., 2002). The complementary
groove is laced with positively charged amino acids
of the ENase domain, which are required for protein-
DNA contacts as well as to confer stability to the
complex (Moure ef al., 2002). The B-sheets in DNA
recognition region of splicing domain shows ordered
structure. This domain establishes contact with Re-
gion II, which is downstream of the cleavage site via
the major groove (Gimble and Wang, 1996; Figure
5). The loops formed by residues 53 to 70 (between
splicing and ENase domain) and 269 to 284 (specific
only for PI-Scel) contact DNA through minor grooves.
Together these findings suggest that DNA-binding
causes several regions of PI-Scel to become more or-
dered when compared with the apo-enzyme. Interest-
ingly, Lys* is the only residue in the ENase domain
that showed decreased DNA-binding when mutated,
suggesting the interaction occurs between the two do-
mains during sequence recognition (Moure et al., 2002).

In the co-crystal structure of I-Crel bound to the
24-bp homing site, extended and concave B-ribbons
formed by four anti-parallel B-strands from each
monomer interact with the homing half-sites, with the
longest two strands (B1 and B2) contributing eight
amino acids to the interface (Figure 6). The B-ribbons
from each monomer is part of a saddle of ~18 Ain
diameter and display helical twist to maintain direct
protein-DNA contacts across nine consecutive base
pairs (3 to 11) in each homing half-site. The length
and flexibility of these B-strands facilitates the recog-
nition of extended homing site sequence motifs by
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providing 6 to 7 A spacing between side chains on the
protein interface, parallel to that of alternative base
pairs and phosphate groups in B-DNA (Phillips, 1994).
The large surface area created by extensive molecular
interactions confers stability to I-Crel - DNA com-
plex (Jurica et al., 1998). I-Crel displays three sub-
stantial conformational changes after binding to the
homing site DNA. First, the amino acids in the loop
(Asn®, Ser’?, and Tyr*) connecting the strands B1
and B2 provide a “twist” in the B-ribbon, while con-
tacting nucleotides at the end of homing site. Sec-
ondly, the last 16 residues (138 to 153) in I-Crel
make a number of nonspecific phosphate backbone
contacts and hence become ordered after binding
DNA. Finally, the amino acids 113 to 123, which are
disordered in the unbound protein (Heath et al., 1997)
become ordered and clearly visible in the DNA-bound
form (Jurica et al., 1998). In addition, interaction of
the synthetic H-Drel with its hybrid target site (fusion
of I-Crel and I-Dmol half-sites) is also mediated by
the extended [B-sheets through the major groove. In-
terestingly, the contacts made across the I-Crel half-
site resembled that of wild-type protein co-crystal
complex. As seen in other HEases, the hydrogen
bonds at the protein-DNA interface was undersatu-
rated (48 out of 96 potential bonds) (Chevalier et al.,
2002)

Normally, proteins that bind to DNA in a se-
quence nonspecific manner are characterized by their
ability to release counter ions and water molecules
from the protein-DNA interface. On the other hand,
some proteins that bind in a sequence-specific man-
ner cause distortion in the DNA due to increased
protein-DNA contacts. Such distortions are believed
to augment catalysis in one of the following three
ways: facilitate contact between small proteins and
longer DNA sequences, promote transition state for-
mation, position scissile phosphates at active site, or
bend DNA in the major groove to widen the minor
groove and facilitate catalysis by allowing access to
scissile phosphate (Gimble and Wang, 1996; Wende
et al., 1996). A number of approaches, including
biochemical, circular permutation and phasing analy-
ses, and X-ray crystallography, have been used to
monitor distortion in the target site DNA induced by
HEases. PI-Scel was found to distort DNA at its
homing site by two different angles consequent to
two different modes of interaction. The result from
circular permutation analysis was further corrobo-
rated by the co-crystal structure of PI-Scel bound to
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31-bp DNA (3.5 helical turns) (Moure et al., 2002).
In the binary complex, the ENase domain of PI-Scel
distorted the DNA to larger extent (55°) when com-
pared with a minor bend (22°) induced by protein
splicing domain. However, in the case of I-Crel-
DNA complex the degree of bending is ~10°, which
is at the middle of each half-site near the fifth base
pair position. This is due to the interaction between 3
groove of the enzyme and the complementary major
groove of the homing site DNA. In addition, W:C
base pairs are maintained throughout the homing site,
with many exhibiting a measurable propeller twist,
particularly near the cleavage site (Jurica et al., 1998).
Similarly, other LAGLIDADG HEases have also been
shown to induce distortion at their respective homing
sites as follows: PI-Pful (73°), PI-Pfull (67°) (Komori
etal., 1999b), and I-Scel (Beylot and Spassky, 2001).

D. Base-Specific Interactions by
LAGLIDADG HEases

The sequence-specific interaction between HEases
and bases within the recognition sequence involve an
extensive network of hydrogen bonds with donors
and acceptors. The evidence from affinity cleavage
studies of PI-Scel indicates that Arg®® and Arg’ are
involved in binding to DNA, in a sequence-specific
manner (He et al., 1998). Similarly, photo-crosslinking
of PI-Scel to oligonucleotides has unveiled interac-
tions between DNA Recognition Region (DRR) and
distal region of the recognition sequence (Pingoud et
al., 1999). As suggested, the additional contacts that
were not in close proximity to the cleavage site are
dispensable for the enzyme’s function (Christ et al.,
2000). Biochemical and structural characterization of
PI-Scel bound to the recognition sequence has estab-
lished the molecular basis for DNA recognition (He
et al., 1998; Hu et al., 2000; Moure et al., 2002).
Three notable features that emerge from interaction
between PI-Scel and DNA include: (1) 3 bp (A/T+S,
G/C*'3, and A/T*") in the homing site and Arg®® and
Arg® are absolutely essential for binding; (2) DNA
was distorted (~70°) to fit the binding pocket; and (3)
contact between Lys*’® and Lys*® with DNA was
found to be located in the major groove near the two
guanosine residues on the top strand (G*'* and G*'8).

The high-resolution cocrystal structures of I-Crel-
DNA and H-Drel-DNA shed light on how the HEases
make base-specific contacts with DNA. I-Crel makes
contact with nine consecutive base pairs (3 to 11) in

each of the half-site through the major groove. Inter-
action involves 12 direct contacts to atoms of the
nucleotide bases and three water-mediated interac-
tions. Most of the DNA-protein contacts involve
hydrogen bond (15 of 36) donors and acceptors from
the major groove of the homing site DNA. Except for
the three bases (at position 3, 5, and 9) that make
more than one direct atomic interaction with the pro-
tein, remaining positions make single side-chain con-
tacts allowing flexibility at these positions. Similar
results were obtained by genetic randomization stud-
ies and methylation interference analysis (Argast et
al., 1998; Wang et al., 1997). However, the base pairs
flanking the scissile phosphate and the final base pair
at each end of the homing site are not involved in the
interaction (Jurica et al., 1998). E-Drel, the synthetic
HEase makes 32 direct hydrogen bonds and 16 water-
mediated contacts with the nucleotides in the chimaeric
DNA target site. Tyr®, Gly?!, Ser*, Arg?, Glu®,
Arg¥, Arg?!, Glu”, Asp”, Thr’¢ and Arg”’ of I-Dmol
from the amino-terminal domain, and GIn'?, Lys!'%,
Asn'?, Tyr'®, GIn'¥, GIn'#!, Arg'®S, Arg', and Asp'”
of I-Crel at the carboxyl terminal domain of H-Drel
are involved in interaction with specific nucleotides
corresponding to the chimaeric DNA half-sites
(Chevalier et al., 2002).

E. Active Site Residues of LAGLIDADG
HEases

Site-directed mutagenesis of most conserved
acidic amino acids (Asp?'®, Asp??°, and Asp*?¢ in PI-
Scel; Asp', Glu** in PI-Pful; Asp'*¢, Asp?* in PI-
Pfull; Asp'?, Glu?*® and Asp??? in PI-Mtul; Asp®>-20
in I-Crel, and Asp?' and Glu'"” of I-Dmol, respec-
tively) in the LAGLIDADG motifs have implicated a
role for these residues in DNA cleavage (Gimble and
Stephens, 1995; Komori et al., 1999b; Schottler et al.,
2000; Guhan and Muniyappa, unpublished; Lykke-
Anderson et al., 1997b). Mutation of conserved resi-
dues in the LAGLIDADG motif had a modest or no
effect on the ability of mutant enzymes to bind DNA
in a sequence-specific manner. However, mutation of
Asp?'® (in catalytic center I) or Asp**® (in catalytic
center II) led to loss of activity in the presence of
Mg?* but not Mn?*, indicating that amino acids at the
relevant positions are involved in binding metal ions.
Furthermore, while mutation of third residue, Asn?%,
in the active site of PI-Pful did not overtly affect
catalysis, mutation of Lys?** reduced its cleavage
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activity by 50-fold, suggesting that the crucial third
residue may play a subtle role in setting the catalytic
threshold for these enzymes (Komori ef al., 1999b).

HEases, including I-Crel, I-Scel, I-Scell, I-TIil,
and I-Ceul, bind and cleave their target DNA sub-
strates to generate four nucleotide 3' overhang
(Monteilhet et al., 1990; Colleaux et al., 1988;
Durrenberger and Rochaix, 1993; Jurica et al., 1998).
In these enzymes, in addition to the metal-ion binding
acidic amino acids, Lys®, Arg’!, Asp'¥, GIn*’, and
Gly" are essential for coordinating the hydrogen bond
network at the active site for catalysis (Aggarwal and
Wah, 1998; Chevalier et al., 2001b). Each metal ion
in the I-Crel DNA bound complex is independently
coordinated by a single Asp?® residue. The contacts
consist of oxygen from the scissile phosphate, addi-
tional oxygen from phosphate across the minor groove,
main chain carbonyl group (residue 19) from the
opposing monomer, and a water molecule. An inter-
esting feature is that Arg®' and Lys®® located within a
specific distance from the scissile phosphate in the
inactive complex might act as Lewis acids in order to
stabilize the pentavalent transition state of the cleaved
phosphate during catalysis. In this regard, the resi-
dues equivalent to Lys®® % in I-Crel is well conserved
in PI-Scel (Lys*"4%%) (Jurica et al., 1998). Three
I-Crel allelic intron HEases, I-Msol, I-Pakl, I-Cvul,
also recognize and cleave DNA sequences in a simi-
lar manner, albeit with different efficiencies. How-
ever, the five residues implicated to play a role in
catalysis in case of I-Crel are conserved, but not the
residues that are involved in interaction with DNA.
Intriguingly, sequence comparison of single-motif
HEases with double-motif HEases revealed that the
active site residues in the latter are less well con-
served than the former (Lucas et al., 2001). The crys-
tal structure of H-Drel has revealed the presence of
three Mg?* ions at the active site in the substrate
bound complex, with the central metal-ion being
shared between both the active sites (D21 and D117).
In addition to the normal contacts made by the amino
acids (GIn*?, GIn'*, Arg'*®, and Lys'*) at or near the
active site periphery, Trp'®, which was designed to
stack against Phe!®!, made additional contacts with
the active site residues (Chevalier et al., 2002).

F. Mechanism of DNA Cleavage by
LAGLIDADG HEases

Several lines of evidence support the notion that
ENases cleave double-stranded DNA by two differ-
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ent mechanisms. According to the sequential cleav-
age mechanism, the ENase makes an incision in one
of the strands followed by nicking in the second
strand. On the other hand, the concerted cleavage
mechanism posits simultaneous cleavage of both the
strands by ENase. The cleavage mechanism(s) uti-
lized by LAGLIDADG HEases are diverse, appar-
ently because their active sites are divergent. HEases
such as PI-Pfull and PI-Pabll have been shown to
cleave both strands of duplex DNA at the homing site
in a concerted manner (Komori et al 1999a; Saves et
al., 2002b). While in the case of PI-Scel, although
biochemical experiments favor concerted cleavage
mechanism (Christ et al., 1999), structural analysis
suggests an ordered cleavage mechanism (Moure et al.,
2002). The observation that two Ca?* ions in the
PI-Scel-DNA complex are colinear with the top strand
scissile phosphate lends itself to the possibility that it
might be cleaved first (Figure 5, Moure et al., 2002).
Alternatively, the differences could arise because the
cleavage of the two DNA strands could be tightly coupled.

The homing site recognized and cleaved by
I-Crel is 22 bp in length. The high-resolution crystal
structures of I-Crel bound to DNA, substrate com-
plex with calcium and a product complex with mag-
nesium have been determined. These studies together
with previous biochemical analysis of the cleavage
pattern suggest that I-Crel forms most of its sequence-
specific contacts in the major groove and cleaves the
homing site across the minor groove. The kinetic
mechanism of double-strand cleavage follows a con-
certed mechanism (Chevalier et al., 2001a). Other
studies have demonstrated that PI-Pful cleaves DNA
by a sequential cleavage mechanism (Komori et al.,
1999a). Further advances in our understanding of the
preference for sequential mechanism emerged after
structural analysis, where Asp'® assisted by Lys???
and Asp'” cleave the bottom strand efficiently, and
Glu>? with no assistance cleaves the top strand inef-
ficiently (Ichiyanagi et al., 2000). Interestingly, cleav-
age efficiencies of the two strands by PI-Pabl were
notably different (Saves et al., 2002b). Other HEase,
PI-Tful cleaves its 16 bp nonpalindromic homing site
in negatively supercoiled DNA by a sequential mecha-
nism in the presence of Mn** or Mg?* (Saves et al.,
2000a). Our recent studies indicate that PI-Mrul
cleaves homing as well as ectopic DNA sites by a
sequential mechanism (Guhan and Muniyappa, 2002a,
2002b). It seems safe to conclude that in general, both
mechanisms are used by HEases to cleave double-
stranded DNA at specific target sites.
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In vivo, PI-Scel was shown to cleave the homing
site embedded in SNF3 of S. cerevisiae (Bremer
et al., 1992). Southern analysis of genomic DNA
from vegetative cells and meiotic haploids revealed
that homing was meiosis specific (Gimble and
Thorner, 1992). The possible cause for the absence of
PI-Scel promoted homing in vegetatively dividing
cells is due to lack of karyopherin-mediated nuclear
import of VDE (Nagai et al., 2003). In VMAI Avde/
VMALI cells, PI-Scel activity follows super-Mende-
lian segregation pattern, and it is absolutely essential
for homing process. In the case of I-Crel, ectopic
expression of its HEase activity resulted in mobiliza-
tion of the intron sequence into the 23S cDNA in the
haploid progeny (Durrenberger et al., 1996). Interest-
ingly, gene conversion was observed only when the
23S cDNA and the neighboring 23S gene were in
opposite orientations.

G. LAGLIDADG HEases with Unique
Biochemical Properties

PI-Pful cleaves pUC118 DNA at a unique site
either in the presence of Mn?* or at low concentra-
tions of KCI. An analysis of the cleavage sequence
revealed that 14 of 30 nucleotide residues was iden-
tical to its homing site (Komori et al., 1999a). Intrigu-
ingly, PI-Pkol and PI-Pkoll show extreme thermo-
stability (active at 90°C for 1 h) and salt tolerance (0.5 M
NaCl or KCl for PI-Pkol, 1 M KCI, and 0.75 M NaCl
for PI-Pkoll) (Nishioka et al., 1998). I-Scal cleaves
its homing site DNA 2- to 2.5-fold faster when pro-
vided with supercoiled plasmid when compared with
linear DNA, similar to PI-Scel and PI-Tful (Wende et
al., 1996; Saves et al., 2000a). Interestingly, I-Scal
failed to cleave its DNA substrate fully because it is
unstable at temperatures >15°C. However, the addi-
tion of specific or nonspecific DNA or RNA dimin-
ishes inactivation of I-Scal (Monteilhet et al., 2000).

Our results have revealed that PI-Mrmul differs
markedly from the classic view of LAGLIDADG HEase
function. PI-Mrul displayed dual target specificity in
the presence of alternative cofactors. In the presence of
Mn?* and ATP, it was able to cleave homing site in
inteinless recA allele, and ectopic DNA sites in the
presence of Mg?*alone (Guhan and Muniyappa, 2002a,
2002b). The ability of PI-Mtul to cleave ectopic DNA
sites raises the possibility that intein sequences are
dispersed in natural populations by allowing the HEase
to cleave related target site variants of natural homing

site DNA. H-Drel is a synthetic chimaeric ENase gen-
erated by the fusion of amino-terminal domain of
I-Dmol to the I-Crel, with mutations (8 — 12) at domain
interface, and a linker peptide between the domains to
form an enzyme monomer. H-Drel cleaved target sites
dre3 and dre4 (fusion of a pseudo-palindromic half-
site from I-Crel and the asymmetric 3' half-site from
[-Dmol), but not either of the native target sites. Con-
versely, wild-type ENases did not cleave the chimaeric
target sites. Although the DNA-binding affinity of
H-Drel was two orders of magnitude lower than
I-Crel, the single catalytic turnover rate was nearly
identical (Chevalier et al., 2002).

H. GIY-YIG Family

So far, 60 members of the family of GIY-YIG
HEases have been identified from eubacteria, archaea,
and fungi. These include #d (thymidylate synthase)
and sunY (split gene, unknown function, why?) in-
tron ORFs of bacteriophage T4 (Shub et al., 1988;
Gott et al., 1988; Quirk et al., 1989). Most insights
into the function of GI'Y-YIG Family HEases emerge
from work with phage T4 introns. Although introns
are present in most T-phages, the finding that these
are absent in some T-even phages indicates that they
are not essential for viability (Shub et al., 1988). The
td (I-Tevl) or sunY (I-TevIl) intron encoded HEases
display relaxed cleavage specificity. The cleavage
sites for these HEases are positioned distal to the
intron insertion site: 23 nucleotide residues upstream
in the case of I-Tevl, whereas 15 nucleotide residues
downstream in I-TevIl. Strand cleavage results in the
generation of two (I-TevIl) or three (I-Tevl) nucle-
otide 3' overhangs. Cleavage of intron insertion sites
by I-Tevl or I-TevIl is insensitive to extensive se-
quence divergence flanking cleavage sites (Bryk
et al., 1995; Mueller et al., 1995; Chu et al., 1984,
Shub et al., 1988). The expression of I-TevI catalytic
domain was toxic to host cells, indicating that it might
bind to and/or cleave genomic DNA in a sequence
non-specific manner (VanRoey et al., 2002). The
intron core sequence is dispensable for I-TevI-
dependent homing and insensitive to large inser-
tions at selected sites within the HEase domain.
Further experiments have suggested that the natu-
ral cleavage site was not absolutely required for
I-TevI binding.

Typically, HEases containing GIY-YIG motifs
act as monomers, recognize long homing site se-
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quences (~35 bp) and cleave DNA many bases away
from the insertion site generating 2 nucleotide 3' over-
hangs (Mueller et al., 1995; Derbyshire et al., 1997).
Biochemical analyses have shown that I-TevI has a
bipartite structure with distinct catalytic and DNA-
binding domains connected by a long flexible linker.
It binds DNA primarily through the minor groove and
makes phosphate backbone contacts. The carboxyl
terminal domain appears to be involved in DNA-
binding (recognizes a 20-bp sequence including in-
sertion site), whereas the amino-terminal domain in-
teracts with the cleavage site (Van Roey et al., 2001,
2002). Mutational analysis suggested that single base
substitution within the I-TevI interaction region fail to
alter its catalytic activity. Fine mapping of the I-Tevl
recognition site revealed that it consists of three dis-
tinct domains: domain I, implicated in the formation
of cleavage proficient complex; domain II confers
stability to the enzyme-DNA complex; and domain
IIT involved in DNA-binding. Although the linker
sequence in the homing site is not crucial for cleavage
per se, it facilitates appropriate spacing between do-
mains I and IIL. In situ cleavage assays revealed that
I-TevI nicks the bottom strand (>95% efficiency) in
the absence of metal-ion, resulting in slow migrating
(U,) distorted complex, whereas both the strands were
intact in the fast migrating (U;) minimally distorted
complex (Loizos et al., 1996). Interestingly, I-TevIl
also formed two catalytically active complexes. Un-
like I-Tevl, both complexes were associated with
measurable distortions of the homing site DNA
(Mueller et al., 1995).

Based on mutational analysis, a 19 amino acid
zinc-finger motif has been deduced as the driving
force for the cleavage of homing site at a fixed dis-
tance (Bryk et al., 1995; Derbyshire et al., 1997).
After deletion of zinc-finger motif, I-Tevl cleaves
DNA at a displaced site albeit with lower efficiency.
Intriguingly, the capacity of I-TevI to “pull back™ its
catalytic domain is robust, compared with its ability
to “stretch out” during the process of severing the
displaced cleavage site. Based on these studies, two
models were proposed to explain the mechanism of
[-TevI catalyzed cleavage. According to “catalytic-
clamp” model, the catalytic domain is positioned at
the cleavage site via intramolecular interactions with
the zinc-finger motif. On the other hand, the “linker-
organizer”’ model posits that interactions between zinc-
finger motif and other linker components control fold-
ing of the linker, which, in turn, positions the catalytic
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domain at the cleavage site. A characteristic feature
of both the models is that they require interdomain
protein-protein interactions (Dean et al., 2002;
VanRoey et al., 2001).

[-Bmol, a member of the GIY-YIG family, binds
equally efficiently to substrates containing intron as
well as to the intronless allele. However, it can distin-
guish the sequences during cleavage. Intriguingly,
[-TevI and 1-Bmol cleave their respective intronless
substrates at identical positions, although their in-
trons are inserted 21 bp apart in the intron containing
allele (Edgell et al., 2001). I-Bmol lacks the zinc-
finger, but contained an additional minor groove-
binding subdomain as revealed by sequence analysis,
suggesting that the GIY-YIG family of HEases have
rapidly evolved new mechanisms to maintain their
sequence specificities (VanRoey et al., 2001).

I. Structural Analysis of
GIY-YIG HEases

The crystal structure of I-Tevl DNA-binding do-
main (130-245 residues) complexed with its recogni-
tion site (20 bp) revealed an exceptionally large struc-
ture with three subdomains: a zinc-finger motif
(149-167 residues), an elongated segment containing
minor groove-binding helix (183—-194 residues), and
a helix-turn-helix motif (204—244 residues) (Figure 7)
(Van Roey et al., 2001). The protein wraps around
DNA along its two full turns, so that 50% of both
protein and DNA surfaces are solvent inaccessible.
Interestingly, the zinc-finger motif makes contact with
DNA through two hydrogen bonds. The base-specific
contacts involve residues in the unstructured region
of the elongated domain (consistent with methylation
interference assay — Bryk et al., 1993), and this
mode of binding distorts the DNA (phosphate—phos-
phate distances ~4 A). The helix-turn-helix (H-T-H)
domain makes nine hydrogen bond contacts with DNA
phosphate backbone (consistent with ethylation inter-
ference — Bryk et al., 1993), while its hydrophobic
interaction with C>-methyl group of thymines confers
specificity. The central elongated region spans the
insertion site, and it is the base-specific contact at this
interface that distinguishes intronless allele from the
intron-containing allele during cleavage (VanRoey et
al., 2001).

In contrast to the picture for the I-Tevl DNA-
binding domain, less is known about the structure of
its N-terminal domain. To fully understand the mecha-
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FIGURE 7. Crystal structure of I-Tevi DNA binding domain complexed with its cis-element. The three domains
at the carboxyl-terminus of I-Tevl (helix-turn-helix, extended a-helix and the zinc-finger) in complex with DNA is shown
in ribbon and stick model, respectively. |- Tevl insertion site (IS) is indicated by arrowhead. (Reproduced with permission

from VanRoey et al., 2001 and Oxford University Press.)

nistic aspects of DNA-binding and cleavage, a de-
tailed knowledge of co-crystal structure of full-length
protein is necessary. Regrettably, no three-dimen-
sional structural information is currently available for
the structure of full-length protein. However, an im-
portant advance in understanding the structure of full-
length protein emerges from the structure of catalyti-
cally inactive mutants (R27A and E75A). Using NMR
and structure prediction approaches, the three-dimen-
sional structure of I-Tevl has been generated. The
overall architecture reveals that the catalytic domain
(residues 1-92) consists of three o-helices and three-
stranded antiparallel B-sheets arranged to form a
BPoPo. superhelical structure (Kowalski et al., 1999).
The structural core contains a novel fold with unique
helix orientations around the B-strands. Although the
helices are loosely packed against the sheet, large
side chains in the hydrophobic core of the molecule
aids in maintaining the structural integrity (VanRoey
et al., 2002).

The hallmark of GIY-YIG family of HEases is
the presence of GIY-YIG module, and their ability to
display promiscuous DNA-binding activity. Normally,
the module contains five conserved motifs: motif A
(residues 4-19) with GIY-YIG sequence in B-strands
1 and 2; motif B (residues 21-32) in helix 1, motif C

(residues 47-62) at the carboxyl-terminal half of he-
lix 2 and all of strand 3, motif D (residues 75-81) in
the central part of helix 3, and motif E (residues
85-92) in the carboxyl terminal loop of the domain.
Motifs A, B, D, and E contain one invariant residue
(Gly", Arg?’, Glu”, and Asn® in I-TevI) in each and
two highly conserved residues (Tyr® and Tyr'7). Mo-
tifs D and B contain the catalytic residues Glu” and
Arg?, respectively (VanRoey et al., 2002). Interest-
ingly, all of these residues are arranged on one sur-
face of the molecule formed by B2alo3 and the
carboxyl terminal loop. As noted above, GIY-YIG
module in motif A plays only a structural role. Simi-
larly, motif C may also play a structural role because
Phe’¢ in this motif forms the central hydrophobic core
of the molecule. The conserved Tyr residues are pro-
posed to be crucial for either catalysis or substrate
binding (VanRoey et al., 2002).

The catalytic domain of I-TevI, which is slightly
concave, lacks the pronounced groove-shaped DNA-
binding clefts. The conserved amino acids at the ac-
tive site surface, which are implicated in catalysis by
computational modeling (Bujnicki et al., 2001a), are
not within the hydrogen bonding distances to form a
single active site. The catalytic residues of I-TevI are
similar to the His-Cys box HEase, I-Ppol (Glu’> and
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Tyr!” of I-Tevl are equivalent of Asn'!® and His®*® of
[-Ppol), despite having completely different folds
(Galburt et al., 1999; VanRoey et al., 2002). How-
ever, there are differences between the two enzymes,
like Arg?” does not align with Arg®' of I-Ppol, and
Tyr'” and Glu” are not contiguous as in I-Ppol, and
their B-strands are oriented in opposite directions
(Wu et al., 2002). These findings suggest that I-Tevl
does not contain the BRo-Me structural motif that
relate to the His-Cys box and H-N-H HEase. How-
ever, mechanistic insights into the catalytic mecha-
nism of GIY-YIG HEases await co-crystal structures
of the wild-type catalytic domain with the homing
site DNA.

J. The H-N-H Family of Intron-Encoded
HEases

The H-N-H family of HEases was first identified
in the DNA polymerase genes of B. subtilis phages
(SPO1 and SP82), and independently by Hidden-
Markov analysis of bacteriophage SPP1, T3, T7, and
T4 genomes (Shub et al., 1994). Although the bio-
logical significance is unclear, H-N-H proteins are
found mostly in phages that infect Gram-positive and
Gram-negative bacteria (Crutz-Le Coq et al., 2002).
The SPO1 and SP82 phages contain modified uracil
(5-hydroxymethyl) (HMU) instead of thymine. Ac-
cordingly, SPO1 and SP82 phages are designated as
HMU phages and their intron-encoded ENases as
I-Hmul and I-Hmull, respectively (Goodrich-Blair et
al., 1990; Goodrich-Blair and Shub, 1994, 1996). The
ENases are neither required for phage propagation
nor for their viability and contain only the conserved
H-N-H motif. Such a motif was later identified in
nrdB intron ORF of RB3 bacteriophage (I-TevIll),
and other HEases such as I-Cmoel, RF253, yosQ, Avi,
Cpc, PetD, I-Twol, nonspecific ENases (colicins E2,
E7, E8, E9, S1, S2), Lactococcal bacteriophage
bIL170, group II intron ORFs (I-SceV, I-SceVI and
I-Llal), and restriction enzymes (McrA). I-Hmul and
I-Hmull can distinguish SPO1 and SP82 DNA and
show preference for heterologous phage DNA. Most
importantly, while I-Hmull is required for exclusion
of SPO1 markers during mixed infection, I-Hmul is
not (Goodrich-Blair et al., 1996). Furthermore, se-
quence analysis suggested that the active site residues
are conserved in I-Hmul, I-Hmull, and I-TevIII
ENases. The members of H-N-H family HEases cleave
their target sites either as monomers or dimers de-
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pending on the substrate. These have been shown to
cleave their target sequences either in one (I-Hmul,
I-Hmull, I-Twol — Landthaler et al., 2002) or both
the strands (I-Cmoel — Drouin et al., 2000; I-TevIII
— Eddy and Gold, 1991) leading to the generation of
5' overhangs.

Colicins are SOS-induced protein toxins produced
by E. coli to kill competing E. coli strains and closely
related bacteria. It was further shown that the mecha-
nism by which colicin exerts its function is via deg-
radation of chromosomal DNA. However, co-expres-
sion of a high affinity (K, = 10-'7) exo-site inhibitor
by the host blocks degradation of host chromosomal
DNA (Kleanthous et al., 1999; Li et al., 1997). The
cleavage of negatively supercoiled DNA by colicin
E9 requires Mg?* or Ca**, whereas Ni** is essential for
cleavage of single-stranded or calf thymus DNA.
Mutational analysis implicated H-N-H motif of ColE9
in DNA-binding, and residues that coordinate with
Mg?* have been identified as crucial for nuclease ac-
tivity (Walker et al., 2002; Ku et al., 2002). Com-
parative genomic and functional analyses suggest that
colicins actually do not belong to the conventional
H-N-H family of HEases. However, in the absence of
structural information for any known H-N-H HEase,
it would be informative to consider them in the con-
text of the colicin structure (Ko et al., 1999; Sui et al.,
2002). The relative orientation of the two H-N-H
motifs in the dimeric ColE7 nuclease is similar to the
two fBo-folds of I-Ppol, a member of His-Cys box
ENase (see below). The spatial arrangement of ColE7
shows crescent shape with two H-N-H motifs closely
located at the dimeric interface. By comparison with
the I-Ppol-DNA complex, it was proposed that ColE7
binds DNA through the major groove using o-helices
(02), and the zinc-ions are located close to the scissile
phosphate at the central minor groove. The electro-
static surface plot of ColE7 revealed a basic concave
surface close to the active sites and hence appropriate
for DNA-binding (Cheng et al., 2002).

K. His-Cys Box Family of HEases

In slime molds, fungi and amoeba, the group I
introns encode His-Cys box family of HEases. These
are characterized by the presence of a highly con-
served series of histidines and cysteines over a 100
amino acid central region (Johansen et al., 1993). The
homodimeric I-Ppol, a much-studied member of the
His-Cys box HEase, recognizes a 14-bp pseudo-pal-
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indromic homing site and inflicts a double-strand
break across the minor groove to generate 4 nucle-
otide 3' overhangs (Muscarella et al., 1990; Ellison
and Vogt, 1993; Wittmayer and Raines, 1996;
Mannino et al., 1999). Structural analysis of I-Ppol in
complex with its target DNA has revealed three dis-
tinct features (Figure 8). First, I-Ppol contains a highly
conserved His-Cys box motif that coordinates with
two zinc ions to form two zinc-encased folds per
monomer. Second, the active sites of I-Ppol mono-
mers separated by 20 A bend the DNA to widen the
minor groove and position the scissile phosphate at
its active site. Third, the dimerization of I-Ppol mono-
mers are stabilized by domain-swapped carboxyl ter-
minal tail that wraps around the opposing monomer
(Flick et al., 1998). Detailed structural analysis show
that I-Ppol severely bends (at 50°) and twists its
target DNA substrate to pull the scissile phosphates
apart. The amino- and carboxyl terminal zinc-binding

motif of I-Ppol also exist in [I-NxxI (Naegleria sp) and
I-Dirl (Didymium iridis). The latter pair has been
shown to promote homing in natural hosts (Decatur et
al., 1995; Vader et al., 1999; Elde et al., 2000).
Despite significant conservation, striking structural
differences are likely because (a) I-NxxI yields 5
nucleotide 3' overhang after cleavage, while I-Ppol
generates a 4 nucleotide 3' overhang (Elde ef al.,
1999), (b) I-Ppol severely distorts DNA to accommo-
date the scissile phosphates within the active site (20
A apart), whereas I-NxxI induces only a minor bend
(15 A apart), and (c) I-NxxI lacks the essential car-
boxyl terminal tail involved in dimerization (Johansen
et al., 1993; Flick et al., 1998).

To gain mechanistic insights into the formation
of double-strand breaks by His-Cys box HEases, I-
Ppol-DNA complex was crystallized in the presence
of Ca* and Mg>*(Galburt et al. 1999). Structural
analysis of the product - I-Ppol complex suggests that

FIGURE 8. Binding of dimeric I-Ppol to the homing site induces distortion in DNA. The three-dimensional
structure of each I-Ppol protomer is stabilized by zinc-ions (grey spheres), while the dimeric structure is stabilized by
interaction of one monomer with its long carboxyl terminal tail. Dimeric I-Ppol distorts (50°) the B-form homing site DNA,
thereby inducing a kink at the cleavage site by opening the minor groove. (Reproduced with permission from Flick et

al., 1998 and Nature publishing group.)
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a conserved Asn, 3' hydroxyl of cleaved DNA, and
four water molecules mediate hydrogen bond interac-
tions with the metal ion at the active site. The metal
ion is positioned in such a way that it can interact with
scissile phosphate but not with the water molecule.
Therefore, the metal ion in I-Ppol seem to play three
distinct roles during catalysis: stabilization of the
phosphoanion intermediate and 3'-hydroxyl leaving
group, lessen the pK, of water molecule and acceler-
ate proton transfer to the 3' hydroxyl leaving group,
and geometrically strain DNA and enhance the rate of
the reaction (Figure 9) (Mannino et al., 1999; Flick et
al., 1998). Other studies have shown that I-Ppol can
tolerate base pair substitutions at several positions
within its homing site; however, exhibits strong pref-
erence for AT bp at the central core. In contrast to
this, a single point mutation L116A in I-Ppol leads to
an inactive conformation, suggesting that Leu!'® is
involved in packing and rotation of the monomers
after binding the homing site. However, the position
of Leu!'® in I-Ppol does not allow it to act as a wedge,
but is close enough to desolvate the minor groove
where adenine is unstacked and stabilized in the com-
plex. Interestingly, Leu!!¢ is not a conserved residue
(e.g., I-Njal lacks Leu) among the members of HEases,
indicating that some have evolved distinct DNA-bind-
ing modes and active site geometries to accomplish
similar biological function (Galburt et al., 2000). The
sequence alignment of target sites of representative
ENases from eukaryotic, eubacterial and archaeal
origin is listed in Table 3.

L. Comparison between HEases and
REases

Members of the family of HEases share with
REases the ability to inflict site-specific double-strand
breaks in their target DNA substrates. Although both
require divalent metal ions for their catalysis and
utilize similar mechanisms, but show fundamental
differences in their biochemical as well as structural
properties (Table 4). The differences in sequence-
specific DNA-binding displayed by HEases and
REases could be gleaned from comparison of their
co-crystal structures (reviewed by Pingoud and Jeltsch,
2001; Aggarwal, 1995; Jurica and Stoddard, 1999;
Chevalier and Stoddard, 2001b). In general, although
HEases display sufficient sequence specificity, they
make only limited hydrogen bond contacts in the
major groove of the target DNA substrates. In
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contrast to this, REases are highly sequence specific
and saturate nearly all of the hydrogen bond donors
and acceptors in the major and minor grooves of their
DNA target substrates. Indeed, the inherent differ-
ences between these two families of ENases lie at the
heart of their in vivo roles. Because HEase function
has important evolutionary implications, they must
function strategically as well as physiologically. To
ensure the success of lateral DNA transfer in natural
populations, HEases must cleave the host genome
once to avoid the accidental cleavage of essential
genes within the host genome. This is partly abutted
by the requirement of long and often degenerate and
asymmetric target DNA substrates. On the other hand,
REases must readily identify and eliminate foreign
DNA sequences invading the host, thus are able to
recognize and cleave short sequences so as to in-
crease the frequency of finding the target DNA sub-
strate. Furthermore, the protection to host genome is
conferred by methylation of the restriction site by the
corresponding methylase of the R-M system (reviewed
by Jurica and Stoddard, 1999; Chevalier and Stoddard,
2001b; Pingoud and Jeltsch, 2001).

Why do HEases engage in self-propagation, while
REases are not? Belfort and Roberts (1997) have
proposed two alternative possibilities. First, while
methylation protects cleavage of host DNA by REases,
HEase sites are protected only if the intervening se-
quence DNA is inserted. Second, unlike most REases,
some HEases (I-Scel, I-Crel, F-Scell, 1-TevIl, and
PI-Tful) tenaciously bind their cleavage products
(Mueller et al., 1996; Belfort and Roberts, 1997,
Saves et al., 2000a). Hence, the mobile elements may
be inserted as a means to prevent cleavage at ectopic
sites (transposition), which, in turn, is likely to confer
stability to the genome. The reason for this argument
is that, if the homing site is undergoing degeneration
(as in the case of S. cerevisiae DH1-1A; Gimble,
2001), the HEases could tolerate only to certain ex-
tent after which it would enable a mechanism to find
alternate (ectopic) site in the genome. However, these
speculations have yet to be tested by experimentation.

V. CATALYTIC MECHANISMS OF
HOMING ENDONUCLEASES

A. Mechanism of Phosphodiester Bond
Hydrolysis by ENases

Under physiological pH, the thermodynamically
stable phosphodiester bonds present kinetic barriers
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FIGURE 9. A postulated role for Mg?* in the hydrolysis of phosphodiester bond catalyzed by I-Ppol. Mg?+ exists
in octahedral geometry in I-Ppol and participates in transition state stabilization and protonation of 3’ oxygen leaving
group. Imidazole ring of ‘His’ acts as a general base because of its H-bond interaction with backbone carbonyl oxygen
and activates the hydrolytic water molecule to perform an in-line attack. (Reproduced with permission from Galburt et

al., 1999 and Nature publishing group.)

for hydrolysis. The kinetic barrier arises as a result of
electrostatic repulsion between the attacking nucleo-
phile and the negatively charged phosphate group.
However, enzymes overcome this partly by using
metal ions as cofactors. In addition, nucleases require
a general base to activate the nucleophile, a general
acid (Bronsted acid) to stabilize the leaving group
and a Lewis acid to stabilize the negative charge that
develops on phosphorus atom during transition state.
In principle, metal ions satisfy most of these require-
ments in nucleases. By acting as Lewis acid, metal
ions lower the pK, of water molecules bound to them
and generate hydroxide ion, which by itself serve as
a nucleophile or a general base. Alternatively, the
metal ion also aids in the transfer of proton from the
bound water molecule. In most instances, metal ions
also neutralize the additional negative charge that
develops during the transition state.

Direct transfer of phosphoryl group to water
molecule during reactions catalyzed by ENases can
occur by alternate mechanisms depending on the ori-
entation of the attacking nucleophile with respect to
the leaving group, and the degree of bond formation
along the reaction coordinates. Regardless of the
mechanism, the transition state geometry is trigonal
bipyramidal with three equatorial and two axial oxy-
gen atoms. Most importantly, the oxygen atoms that
enter or leave the transition state can only be axial as
the other angles are sterically hindered. Depending
on the order of bond breakage or formation, reaction
mechanisms can be classified into Sy2 (associative)
and S\1 (dissociative) mechanism. In Sy2 reaction,

the nucleophile is associated with the phosphorus
atom before dissociation of the leaving group, whereas
in Sy1 mechanism, the leaving group dissociates be-
fore the association of nucleophile. Consequently, the
nucleophile attacks the unstable metaphosphate inter-
mediate in Sy1 mechanism.

In S\2 reactions, if the attacking nucleophile and
the leaving group are in axial positions, the mecha-
nism is defined as ‘in-line’. Alternatively, if their
orientation changes during the reaction due to
pseudorotation, it is referred to as ‘adjacent’ mecha-
nism. However, both of them result in inversion of
configuration. Unlike S\2, Sy1 reactions do not de-
pend on a general base to generate the nucleophile.
Rather, catalysis is mediated by the stabilization of
the leaving group and transition state metaphosphate.
Most phosphoryl group transfer enzymes have been
shown to follow S\2 mediated ‘in-line’ mechanism
during catalysis (Galburt and Stoddard, 2002).

B. Choice of Divalent Metal-lon for
Catalysis

HEases can utilize a variety of divalent metal
ions, including Mg?, Mn?*, Ca*, Co*, and Zn>**.
Most HEases prefer oxophilic Mg?* as the cofactor
for optimal catalysis due to its favorable physico-
chemical properties. The choice is possibly due to its
intracellular availability (free concentration is ~0.5
mM), redox inertness, small ionic radius, high charge
density, high transport number, and reduced solvent
exchange rates (reviewed by Cowan, 1998). The ten-
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TABLE 3

Sequence Alignment of Cleavage Sites of Homing Endonuclease
The vertical arrows in the sequence denote intein or intron insertion sites. Symbols
“diamond” and “underscore” contiguous with the nucleotide sequence indicate the position

of cleavage on the upper and lower strands, respectively. “E-", “I-“ and “PI-“ denotes
engineered hybrid, intron- and intein-encoded ENases. PI-Mtul’ indicates cleavage site

sequence of M. tuberculosis pps1 intein.

H-Drel CGCGCCGGAAC_TTAC¢GACGTTTIG

I-Bmol AGAGC_CCG ¢ TVAGTAATGACATGGCCTTGGGAAAT
I-Crel GCTGGGTTCAAAACGTIC_GTGA¢GACAGTTTGGT
I-Dmol AATGCCTTGCCGG_GTAVA+GTTCCGGCGCGCATG
I-Ppol GTAACTATGACTCTC_TITAA+GGTAGCCAAATGC

I-Scal ATTGTCACATTGAGGTIGCACTAGTTATTACTA

I-Scel AAGTTACGCTAGGG_ATVAA+ CAGGGTAATATAGC

I-Tevl CA_AC+GCTCAGTAGATGTTTTCTTGGGTICTACCGTTTAATATTG

I-Tevll TTCCAAGCTTATGAGTIATGAAGGTGAACAC_GT+ TATTC
I-Tevill TeTA_TGTATCTTTTGCGTIGTACCTTTAACTTCCA

Pl-Mgal CGTAGCTGCCCA_GTAT ¢ GAGITCAGAGGTGG

PI-Pspl CAAAATCCTGGCAAACIAGCTATTATGGGTATT

PI-Scel TATCTATGTCGG_GTGC ¢ JGGAGAAAGAGGTAATG

PI-TIA GGTTCTTTATGCGG_ACIAC ¢ TGACGGCTTTTATG

PI-THll TAAATTGCTTGCAAACI AGCTATTACGGCTATA

PI-Pkol TAGATTTT_AGAT+CCCTGTACCCC

PI-Pkoll AACAGCTA_CTAC ¢+ GGTTACTA

PI-Pful TACAGAAGATGGGAGGA_GGGJA+CCGGACTCAACTTCTCAAA
PI-Pfull CGATAAGGGCAACGAATCCAITGTG_GAGA ¢ AGAGCCTCTATA
PI-Tful CTTATTTAGATTTT_AGGIT ¢ CGCTATATCCTTCGATT
PI-Tfull AAAGTGCTGTACGCGG_ATIAC ¢ AGACGGCTTTTTCGCAAC
Pl-Pabl GGGGGCAGC_CAGT ¢ {GGTCCCGTTTCG

Pl-Pabll ACCCCITGTG_GAGA+GGAGCCC
PI-Mtul* ACGTGCACTACGTAGAGGGC! TGCACCGCACCGATCTACAA
Pl-Miul AA_CGCGGTCGGCAACCGCACC ¢ CGGGTCACGGTCGTCAAGAACAAGITGT
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TABLE 4
Comparison of Structural and Biochemical Properties of HEases with REases

Properties HEases REases
Selfish-symbionts that provide
Nature Genomic parasites. protection to the host genome
(Naito et al., 1995).
Located in introns (group |, group Il and | Present as freestanding
Archaeal), protein introns, and | ORFs in the genome of
Genomic intergenic regions of nuclear, archaea, eubacteria and
locations mitochondrial and chloroplast genomes | some eukaryotic viruses,
of all the three biological kingdoms. along with modification
(methylase) gene.
Classified into four families on the basis | Although PDXs.2s(E/D)XK
Conserved | of conserved motifs: (a) LAGLIDADG, | motif is intrinsic to several
domains (b) GIY-YIG, (c) H-N-H and (d) His-Cys | restriction ENases, it is not a

box.

defined conserved motif.

Target sites

Recognize asymmetric, long (12-40 bp)
homing site sequences in a sequence
tolerant manner.

Highly sequence specific,
recognize short (3-8 bp)

sequences that are either
symmetric or asymmetric.

Accessory
molecules

Some require RNA component for
activity (as in group Il introns).

Some require modification
and specificity subunits along
with restriction subunit.

Invasiveness

Highly invasive and display
super-Mendelian inheritance.

Non-invasive

Oligomeric

status

Act as monomers or homodimers.

Act as monomers, dimers and
sometimes as tetramers.
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dency of Mg?* to maintain outer hydration sphere and
its ability to use the bonded water molecules for
catalysis led to the choice of this metal ion by the
enzymes of nucleic acid metabolism. Mg?* follows
the outer-sphere pathway, where it stabilizes the tran-
sition state either electrostatically, and/or via hydro-
gen bonding network with water (Cowan, 2002).
Thiophilic Mn?* also shows chemical properties some-
what similar to Mg?* and has been shown to serve as
a cofactor for few HEases. However, Mn?* presents
relaxed specificity for some REases and HEases, re-
sulting in increased specific activity by compromis-
ing on fidelity. The differences in fidelity due to Mg?*
or Mn?* could be explained by the disparity in their
coordination sphere, which is involved in providing
substrate specificity. Some HEases can maintain their
activity when Mg?* or Mn?* is substituted by other
divalent metal ions. Although Ca?* can substitute Mg
or Mn?* in binding of some HEases to their target
DNA substrate, but fail to abet in cleavage function.
Interestingly, I-Njal, I-Nanl, and I-Nifl were able to
cleave target DNA substrate inefficiently in the pres-
ence of Ca?*, a feature distinct from the LAGLIDADG
HEases (Elde et al., 1999, 2000). However, in con-
trast to°I-Ppol, Zn** does not support catalysis of
I-Njal, I-Nanl, and I-Nitl.

C. Common Features of HEases and
REases

Metal ions can be coordinated by enzymes through
their carboxylate side chains of acidic amino acids,
main chain carbonyl group, or by the polar amino
acids. These residues are highly conserved among
REases and HEases. Type II REases use their car-
boxylate side chains of the two acidic residues and
the main chain carbonyl group of the X residue
(PD...D/EXK) in binding the metal ion. For instance,
LAGLIDADG HEases utilize two aspartate residues
in coordinating the metal ion. Similarly, transposases
and integrases make use of the DDE motif in coordi-
nating the metal ion. The stoichiometry of metal-ions
required by these enzymes for the display of optimal
catalysis has been one of the most fascinating but
poorly understood aspects: the numbers obtained from
solution and structural analyses are not in accord in
many instances. Regardless of the number of metal
ions and the precise mechanism of phosphodiester
bond hydrolysis, enzymes follow the simple acid-
base catalysis as described earlier. For this type of
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catalysis, proton relay from solvent network and also
from nearby chemical entities are important. Based
on the number of metal ions involved in catalysis,
enzymes follow one of the two mechanisms discussed
below.

D. Single-Metal Mechanism

ENases that utilize the single-metal mechanism
bind metal ion via their conserved acidic amino acids.
The metal-ion-coordinated water molecule is posi-
tioned for in-line attack on the electrophilic phospho-
rous atom of the scissile phosphate (e.g., Bg/ II,
I-Ppol). In addition, a second water molecule bound
to the metal ion is also positioned to donate a proton
for stabilizing the leaving group (e.g., EcoRI). Most
REases that follow single-metal mechanism lack the
general base that is required to abstract the proton
from nucleophilic water molecule in an associative
nucleophilic attack. However, they overcome this de-
ficiency by substrate-assisted catalysis, or bulk sol-
vent-supplied metal bound hydroxide ion, or a disso-
ciative transition state. In substrate-assisted catalysis,
the nonbridging oxygen atom of the phosphate acts as
a general base. Having the general base oxygen on
the 3' phosphate adjacent to the scissile phosphate
provides added advantage by neutralizing the charge
between phosphate and nucleophilic water after pro-
tonating the phosphate oxygen.

A member of the His-Cys box family of HEase,
I-Ppol, utilizes the single metal-ion mechanism for
cleavage of a phosphodiester bond. Three different
crystal structures of I-Ppol showed that the enzyme
bound metal-ion functions as Lewis acid in stabiliz-
ing the pentavalent transition state as well as induces
bound water molecule to donate a proton to the leav-
ing group (Flick et al., 1997; Galburt et al., 1999,
2000). Unlike most REases, I-Ppol contains a general
base (His®®) to activate the attacking water molecule.
Interestingly, a nonspecific nuclease from Serratia
and Anabaena share similar active sites, indicating
the possibility that they might use single metal-ion
mechanism during the cleavage of phosphodiester
bond (Friedhoff et al., 1999).

E. Two-Metal Mechanism

ENases that follow a two metal-ion mechanism,
the first metal-ion (Mel) is located at an identical
position and plays a similar role as in the case of
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enzymes that follow single metal-ion mechanism. The
second metal ion (Me2) is usually located on the
other (rear) side of the scissile phosphate and is in-
volved in protonating the leaving group using the
metal-bound water molecule. It is also involved in
stabilizing the negative charge that develops during
the associative transition state. For enzymes that fol-
low two-metal mechanism, the prerequisite is that the
metal ions should be located in close proximity
(~4 A) and should be bridged by the substrate in order
to display coherent cleavage of the duplex DNA
strands (Cowan, 1998). Similar to single-metal mecha-
nism, enzymes that follow two-metal mechanism also
encounter the state of nonavailability of a general
base for catalysis, and hence might follow substrate-
assisted catalysis. Both I-Crel and PI-Scel follow
two-metal mechanism, although they contain a dif-
ferent number of metal ions (Moure et al., 2002).

Structural studies on I-Crel revealed that it fol-
lows 1!/, metal ion mechanism in cleaving one
phosphodiester bond (Chevalier et al., 2001a). A
unique feature of I-Crel is that the second metal ion
is shared between the two active sites (Figure 10).
Overall, three metal ions are shared between two
active sites in a small space. In substrate bound crys-
tal structure, the metal-bound water is well positioned
for nucleophilic attack, and there is no direct protein-
nucleophilic water molecule contact. Rather, a well-
ordered water network link the nucleophilic water to
the leaving group or to the bulk solvent. In this re-
gard, there is no difference between the substrate and
product bound I-Crel complex, except for the move-
ment of the released free phosphate. This raises the
interesting possibility of concerted transfer of hydro-
gen atoms via the water network to activate the nu-
cleophile and protonate the leaving group. In water
network as well as substrate-assisted catalysis, resi-
dues near the active sites stabilize the transition state.
For example, three moderately conserved residues
(Lys®8, Arg®', GIn*’) in I-Crel have been shown to be
important for catalytic activity. However, other resi-
dues can also extend in and fill the pocket. Further-
more, diversity in the LAGLIDADG motif suggests
that there are many possible ways by which water
molecules can be positioned at the active site (Cheva-
lier et al., 2001a).

A critical issue in single- or two-metal mecha-
nism is the pK, of the general base. The pK, of
phosphodiester bond is approximately <2 and that of
Mg?*-water complex is between 11 and 12. Given the
differences in the pK, values, how then the enzyme

catalyzes the cleavage reaction? There could be sev-
eral different ways by which enzymes overcome the
apparent differences in pK,, values. First, it may not
need a general base if the transition state has a disso-
ciative nature. Second, the nucleophile can be gener-
ated from the bulk solvent at the catalytic site. Alter-
natively, amino acids in the catalytic center might
lower the pK, of Mg?* bound water molecule to gen-
erate the nucleophile.

VI. BIOLOGICAL AND
EVOLUTIONARY ROLES OF HOMING
ENDONUCLEASES

A. In vivo Assays to Evaluate HEase
Activity

Characterization of HEase function involves
mutational analyses of the target DNA substrate as
well as the enzyme. It requires cloning, overexpression,
and purification of variant enzymes; however, one
limiting factor is that some of them induce host cell
death (e.g., I-Tevl). Therefore, assays have been de-
veloped to circumvent these problems and at the same
time enable one to monitor HEase activity in vivo. A
rapid and sensitive selection system involves
cotransformation of a plasmid containing toxic gene
(Barnase — RNase from Bacillus amyloliquefaciens)
containing the cleavage site for HEase under scrutiny
and a second compatible plasmid with HEase gene
(wild-type or variant) (Gruen et al., 2002). In the
absence of HEase, toxic gene expression is lethal to
the host cells. However, after HEase expression, the
toxic gene containing plasmid will be cleaved by
HEase and rapidly degraded by the endogenous
RecBCD nuclease, thereby allowing the cells to sur-
vive.

An alternate sensitive genetic assay has been
developed in E. coli that involves ectopic expression
of HEase to cleave the homing site within the kana-
mycin resistance gene (F’Cre-Kan assay) or in the
lacO region of lac operon (F’O-Cre assay), resulting
in either kanamycin sensitive or B-lactamase negative
phenotype, respectively (Seligman et al., 2002). The
assay system was tested using the I-Crel HEase. In
vitro, I-Crel was able to cleave variant homing sites
containing up to 10-bp substitutions with equal effi-
ciency, thereby implying that these are nonessential
contacts (Durrenberger and Rochaix, 1993). How-
ever, in these genetic assays substitution of 1 or 2 bp
at the homing site was resistant to cleavage by I-Crel.
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FIGURE 10. Active site of dimeric I-Crel with its solvent network in the presence of substrate or product. Amino
acid residues from each monomer in the dimeric I-Crel is distinguished by normal or primed as Asp20 or Asp20”. The
metal-ions calcium and magnesium are indicated and water molecules are represented as grey spheres. The dotted
lines correspond to hydrogen bonds and the bonding distances are in Angstroms. The water molecules are numbered
in accord with the corresponding PDB files. All the direct interactions between the side chains of amino acid residues,
metal-ions, and water molecules are represented as thin lines, and contacts with the opposite DNA strand are omitted
for clarity. In the product bound complex, the cleaved 5’ phosphate had moved away. (Reproduced with permission from
Chevalier et al., 2001a and Nature publishing group.)
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The power of F’O-Cre assay is that it is capable of
identifying gain or loss of function mutants in a single
step and could also create mutants with intermediate
phenotypes by forming sectored colonies (due to cleav-
age of some sites in initially transformed cells fol-
lowed by subsequent segregation and cleavage).

B. Evolution of HEases

While the evolutionary origin and function of
introns is the subject of ongoing debate, it is believed
that inteins have evolved from a state of molecular
parasitism to commensalism to mutualism (Hickey,
1994). The comparison of integration sites among
inteins unveiled 48 different positions in 34 different
host proteins, suggesting that (1) inteins located at
identical positions within extein homologs are very
closely related and hence considered as “alleles”,
(2) multiple inteins in the same gene differ more from
each other than inteins from different genes, and
(3) diverse nature of inteins other than their allelic
counterparts hinder phylogenetic analysis (Perler et
al., 1997a, 1997b).

Similarity between allelic inteins could be be-
cause of vertical transmission of intein-coding genes
during speciation or due to horizontal transmission.
The latter could be invoked only if: (1) sequence
similarity between allelic inteins is greater than their
host protein sequences (e.g., R. marinus DnaB intein
shows 54% sequence identity [74% sequence similar-
ity] to Synechocystis sp. strain PCC6803 DnaB intein,
a value markedly higher than extein sequence identity
[37%]), and (2) when codon usage and G+C content
of the intein alleles are different from their host pro-
teins (Liu and Hu, 1997). Selfish genes with no useful
function for the host are susceptible to degeneration
unless they are fixed in a population, and regular
horizontal transmission may be the only means of
long-term persistence. Frequent horizontal transmis-
sions are possible for mitochondrial HEases (some
leakage of mitochondrial DNA during preliminary
phase of interspecific matings), whereas nuclear hori-
zontal transmissions are difficult because unlike trans-
posable elements there is no extrachromosomal phase
in the propagation of HEase genes. Self-reliance on
horizontal transmission alone might plausibly explain
the absence of HEase genes in animals (except in
mitochondria of sea anemone, Metridium senile) be-
cause access to germline is more difficult. The route
of horizontal transmission in yeasts is unclear

because infectious viruses and plasmid vectors are
absent. However, possibilities include interspecific hy-
bridization, vectoring by predacious yeasts, and uptake
of naked DNA from the environment (Koufopanou et
al., 2002).

Most inteins are identified in DNA and RNA
metabolizing enzymes. Liu (2000) suggested that there
is a strong bias for inteins (70%) toward nucleic acid-
metabolizing enzymes, and this is because (1) pro-
teins that are involved in nucleic acid metabolism are
present in viral and phage genomes and hence might
help in the dispersal of inteins; (2) integration in them
would ensure that inteins are expressed during repli-
cation and repair of DNA, an appropriate time for
invasion; and (3) expression during replication and
repair would reduce risk for the cell by allowing
efficient repair of nonspecific endonuclease activity.
Pietrokovski (2001) has argued that these are reason-
able explanations; however, it does not address the
question of why inteins are found in other types of
proteins. From his perspective there is no bias for
inteins toward their target proteins. Since inteins are
located in conserved regions of host proteins, it is
difficult to precisely eliminate them without affecting
the host protein activity (Koufopanou et al., 2002).
Hence, it reflects only the difficulty in eliminating
inteins rather than some putative function attributed
to them. There are several reasons why the host or-
ganism tolerates intein sequences. They are (1) inteins
are retained at conserved sites on host proteins and
hence cause negligible effect on its function (Gimble,
2000), (2) they might benefit hosts by regulating host
protein splicing (e.g., Synechocystis sp. PCC6803 split
DnaE intein; Wu et al., 1998a, 1998b). This latter
point suggests that probably inteins regulate the genes
in which they reside and might offer selective advan-
tage to them in the organism under different environ-
mental conditions. They may either facilitate their
entry into the host genome or they are maintained
because deletion of intein insertion site in the host
gene would affect host protein function.

Several lines of evidence argue that primeval
inteins had only the protein-splicing domain. First,
ENase and DNA-binding domains are not essential
for protein splicing (Telenti et al., 1997; Derbyshire
et al., 1997; Chong and Xu, 1997; Shingledecker et
al., 1998). Second, the presence of different classes
of ENases with different specificities suggests that
the ENase domains were acquired independently in
more than one way. The basis for this proposal is that
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the ENase domains similar to inteins are also present
in group I and group II intron encoded ORFs. Finally,
the protein-splicing domain bears similarity to the
C-terminal auto-processing domain of hedgehog pro-
teins (Porter et al., 1996; Hall et al., 1997; Klabunde
et al., 1998; Perler, 1998; Pietrokovski, 1998a). In
addition, the natural occurrence of mini-inteins led to
the speculation that mobile elements are composite
genes arising from the invasion of an ENase ORF into
a preexisting gene harboring a protein-splicing ele-
ment. This view is further supported by phylogenetic
analysis of all the identified intein sequences, where
mini-inteins do not form a coherent group and inteins
without ENase domains were found in several differ-
ent alleles (Figure 11). The occurrence of an auto-
processing domain in hedgehog proteins of inverte-
brates, vertebrates, and also in nematodes suggests
that inteins were present in the last common ancestor
of bacteria, archaea, eukaryotes, and possibly before
the appearance of metazoans. Also, they might have
been involved in domain shuffling at the protein level
and/or by recombination at the DNA level (Perler,
1999). It is unlikely that proteins with such a complex
biochemical function would have evolved by chance
without a positive selection. There must have existed
a beneficial role for them in the primeval inteins or
their unknown progenitors that are absent now. The
extinction of inteins could be due to the loss of their
beneficial role or emergence of host-specific defen-
sive processes to expel them from the genome, or
perhaps both (Wu et al., 1998a, 1998b).

Some phage genes might be acting as sinks for
these mobile sequences because they reside in pro-
teins, which have homologs in bacteria and might act
as vehicles for their dispersal (Derbyshire and Belfort,
1998). For example, intein sequence identified in the
ribonucleotide reductase gene of Chiloiridescent
double-stranded DNA virus might disperse intein
sequence when they infect invertebrates, amphibia,
and fish (Pietrokovski, 1998b). Similarly, the pres-
ence of inteins in human pathogens (M. tuberculosis,
M. leprae, C. tropicalis) might also provide an oppor-
tunity for inteins to invade metazoan genomes, al-
though it has not been identified to date.

C. Examples for Evolution of HEases

The most interesting question, which is poorly
understood, is how an RNA splicing activity intrinsic
to several intron-encoded HEases evolved into a
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DNA-binding enzyme? Since the LAGLIDADG
HEase and maturases have analogous structures, it is
possible that residues present in the saddle-shaped
DNA-binding surface could also interact with RNA
(Gimble, 2000). An interesting example is the tRNA
splicing endoribonuclease (EndA) of Methanococcus
Jjannaschii, which contains RNaseA-like active site
similar to PD...(D/E)XK family in the C-terminal
domain. The N-terminal domain of EndA is similar to
LAGLIDADG HEase, suggesting the fusion of two
distinct ENase activities during evolution (Bujnicki
and Rychlewski, 2001b). Intriguingly, HEases are
highly invasive and are not biased toward any par-
ticular host protein. As such, there are instances where
they have invaded another intron (twintrons). For
example, I-Pcul, a mitochondrial group I intron (cyrb-i2)
encoded GIY-YIG enzyme of Podospora curvicola
had invaded the mobile LAGLIDADG intron thereby
abolishing its activity, and hence mobility. This is the
first example of a HEase that invades another active
HEase emphasizing the evolutionary independence
of HEase genes from intervening sequences (Saguez
et al., 2000). M. xenopii gyrA intein is an instructive
example to illustrate how inteins had undergone a
complex series of evolutionary events such as serial
deletions (HEase domain (block C, D, E, and H) and
insertions (24 amino acid linker). The insertion of a
spacer represents a structural requirement, as its de-
letion results in failure of its splicing activity (Telenti
et al., 1997).

Desulfurococcus mobilis group I intron provides
yet another interesting example because two site-
specific LAGLIDADG HEase are encoded from a
single ORF in the same reading frame with similar
biochemical properties (Lykke-Andersen et al., 1996;
Agaard et al., 1997). The most abundant form,
I-Dmol, (circular) contains six additional amino acid
residues (RAGGYT) at the carboxyl end (Dalgaard et
al., 1994; Silva et al., 1999) when compared with its
linear counterpart I-Dmoll. The comparison of I-Dmol
with I-Crel and PI-Scel revealed that the amino-ter-
minal domain (domain A) of I-Dmol was homolo-
gous to carboxyl terminus of PI-Scel, and the
C-terminal domain of I-Dmol was similar to N-termi-
nal domain of PI-Scel. This apparent reversal in the
order of domains might have implications in the evo-
lution of two domain LAGLIDADG ENases (Silva et
al., 1999). The relevance of expression of a circular
form of the intron ENase is still unknown. Further, H-
N-H enzymes display limited active site similarity to
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FIGURE 11. A phylogenetic tree of 128 known inteins and HO endonuclease of S. cerevisiae. Inteins are named
according to the current nomenclature, and their amino acid sequence were aligned using SAM by Gogarten et al.
(2002). Subsequently, the phylogenetic tree was constructed using parsimony as instigated in PAUP Ver.4.0 beta8, and
the numbers denote branches with Bremer decay indices smaller than 4. Branches without labels do not decay even
after three additional steps. ‘Asterisk’ indicates inteins without endonuclease domains, ‘hash’ indicates inteins with
endonuclease domain in an alternate reading frame, and ‘question’ mark denotes inteins, whose endonuclease domain
is questionable. (Reproduced with permission from Gogarten et al., 2002 and Annual Reviews of Microbiology, Volume
56 ©2002 by Annual Reviews www.annualreviews.org.)
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eukaryotic CAD (Caspase Activated DNase) enzymes
that are involved in chromatin degradation during
apoptosis. In addition, CAD enzymes display bio-
chemical properties analogous to colicin E9. Ac-
cordingly, it has been speculated that both CAD and
H-N-H enzymes might function through a similar
mechanism, where in one case the activity is used
against the competing cells, and in the other for self-
destruction (Walker et al., 2002). Zinc-finger motif
in GIY-YIG family of HEases would have arisen by
a domain fusion event that was futile, but might
have evolved as a distance determinant. The zinc-
finger motif not only promotes dissemination of
host intron by enhancing the activity at its natural
cleavage site, but also by promoting cleavage at a
favored distance in the absence of cognate site (Dean
et al., 2002).

D. Life-Cycle of HEases

HEases are nonessential genes at least in eu-
karyotes and display super-Mendelian inheritance.
The most common state seems to be nonfunc-
tional (P. abyssi Lon and RIR1-1 [Saves et al.,
2002b], C. tropicalis VMAT1 [Gimble, 2001]) fol-
lowed by the next common no element state
(S. paradoxus, S. castellii, K. lactis) to the least
common putative functional element state
(S. cerevisiae VMAI, K. thermotolerans). Cycli-
cal evolutionary model proposed by Goddard and
Burt (1999) suggests that there are three charac-
teristic states (functional, nonfunctional, and no
element), and only three of the six potential transi-
tions are evolutionarily possible: empty—functional
(horizontal transmission) — nonfunctional (de-
generation by mutation pressure and/or costs of
enzyme production) — empty (Figure 12). The
final step requires precise excision of the element
to reconstitute the recognition sequence. The cycle
may reinitiate by another horizontal transfer, and
such frequent transfers may allow them to persist
over evolutionary time scales. The results of
Goddard et al. (2001) support how a host mating
system could play a key role in determining popu-
lation dynamics of a selfish gene. The determina-
tion of the driving force for HEase transmission
and selection would reveal whether HEases are
spreading or becoming extinct as well as their
habitat and also their functions (Pietrokovskii,
2001).
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E. Beneficial Effects of HEase

Some of the beneficial roles that have been iden-
tified for HEases are indicated below.

1. S.cerevisiae haploid cells use HO endonuclease
(F-Scell) to initiate mating-type switching
through programmed DNA rearrangements. In
the absence of HO endonuclease, mating be-
tween two haploid cells is not possible, and
therefore diploid cells will not be generated.
However, HO gene, unlike HEases, does not
propagate itself, rather it gets inherited to the
progeny.

2. Some of the Bfo-Me family members in bacte-
ria act as colicins and help their hosts under
competing growth conditions.

3. B. subtilis phage SP82 cleaves SP0O1 phage ge-
nome during mixed infections to promote SP82
propagation (Goodrich-Blair and Shub, 1996).
This phenomenon of phage-exclusion is analo-
gous to that of the R-M system that the eubacteria
enforce to avoid phage infection.

However, whether all HEases assist their host
cells require additional investigations.

F. Role of HEase in Senescence

The instability of mitochondria in Podospora
anserina has been shown to be responsible for the
degenerative premature cell-death syndrome or se-
nescence. A covalently closed circular DNA
(asenDNA) has been shown to accumulate in the
mitochondria of senescent cultures and later identi-
fied it to be the first intron of the COX/ gene. Intron
transposition into ectopic sites followed by recombi-
nation leads to genome rearrangements (site-specific
deletion) in this organism. Subsequently, PCR analy-
sis indicated that the nuclear genes controlling pre-
mature death syndrome might be activated by one of
the steps involved in deletion or positive selection for
this molecule (Sellem et al., 1993; reviewed by
Osiewacz, 2002).

G. Applications of HEases

With the emergence of genome mapping
and gene therapy, considerable interest has been
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FIGURE 12. The life-cycle of a homing endonuclease. The life-cycle of homing and transposition of a HEase. For
details see the text. (Modified from Goddard and Burt, 1999; Gogarten et al., 2002 and reproduced with permission from

High Wire Press.)

developed in identifying new enzymes with unique
specificities. Since restriction enzymes contact bases
due to redundant interactions, engineering them
is extremely challenging. However, HEases do not
pose such a problem, and natural existence of
LAGLIDADG HEase variants suggests that these
enzymes are malleable. Modified HEases that target
the sequence of interest could be developed to enable
new gene replacement and inactivation strategies in a
wide variety of organisms (Seligman et al., 2002).
Stoddard and his colleagues (2002) have engineered
an artificial HEase (H-Drel, fusion of I-Crel and
[-Dmol), which recognizes and cleaves substrates with
recognition half-sites from the parent enzymes. In
addition, by altering the RNA sequence in the
ribonucleoparticle of group II HEase, the target site
(group 1II introns inserted into HIV-1 proviral DNA
and human CCRS5 gene target sites) within human
cells was modified (Guo et al., 2000). These results
suggest that HEases are potentially useful in genetic
engineering, functional genomics, gene therapy, gene
cloning and targeting, and for elucidating the mecha-
nism of DSB repair in diverse biological systems
(reviewed by Belfort and Roberts, 1997; Jurica and
Stoddard, 1999).
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