Chapter 6

Advances in Engineering Homing
Endonucleases for Gene Targeting:
Ten Years After Structures

Barry L Stoddard*™', Andrew M Scharenberg*
and Raymond | Monnat, |r®

Homing endonucleases (HEs) are highly site-specific endonucleases that induce
homologous recombination or gene conversion in vivo by cleaving long (typi-
cally >18bp) DNA target sites. Homing endonucleases are under development
as tools for targeted genetic engineering applications, ranging from therapeutic
gene correction to metabolic and population engineering. The first structures of
homing endonucleases were reported 10 years ago. Since that time, representative
structures from each of the known families of homing endonucleases have been
determined, and the corresponding details of their mechanisms of DNA recogni-
tion and cleavage have been elucidated. Using this information, the LAGLIDADG
homing endonuclease family has been identified as the most tractable for further
modification by structure-based selection and/or engineering approaches. Most
recently, successful redesign of the I-Crel endonuclease has led to the development
of reagents that recognize and act on genes associated with monogenic diseases,
including the human RAGI and XPC genes. These studies demonstrate the feasi-
bility of using engineered homing endonucleases to promote efficient and target
site-specific modification of chromosomal loci. Current studies are rapidly improv-
ing the throughput and efficiency of homing endonuclease design and selection,
and aim to optimize the specificity and activity of the resulting endonucleases for
targeted genomic applications in medicine and biotechnology.
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I. Genomic Targeting: From Monogenic Diseases to Broad
Genome Engineering

I.1. Monogenic Disorders:A Case for Targeted Gene Repair

Over the last decade, analyses of US and global public health issues have
highlighted the increasing significance of monogenic diseases to the total
health care burden, particularly for children (Baird et al., 1988; Christianson
et al., 2006; McCandless et al., 2004). The individual and societal costs
imposed by medical interventions and treatment of monogenic disorders
have compelled a search for curative therapeutic options for these dis-
eases, focusing on correcting the underlying genetic defect in a patients’
cells. A variety of therapies based on either of two broad approaches have
been developed: (1) allogeneic stem cell transplantation, a strategy aimed at
replacing a patient’s defective hematopoietic stem cells with those of a nor-
mal donor; and (2) “traditional” gene therapy. In the latter case, a wild-type
version of a defective gene is integrated into the genomes of a patient’s cells
in order to replace the function of a defective gene. In the case of diseases
affecting lymphohematopoietic development and function, patient-derived
hematopoietic stem cell populations can be transfected in vitro with the wild-
type gene and then reintroduced.

The current practice of gene replacement therapy has several attendant
issues. First, gene therapy involves the random insertion of foreign DNA
into the genomes of stem cells, potentially resulting in the inactivation or
activation of endogenous genes. Widely publicized examples of this type
of problem include the development of T-cell lymphomas in four of 10
patients treated in France for X-SCID, and the development of oligoclonal
proliferation of neutrophils in two of three patients treated in Germany for
chronic granulomatous disease (CGD) (Abbott, 2006; Baum, 2007; Hacein-
Bey-Abina et al.,2003). In each of these cases, cellular proliferation appears to
have been driven by retroviral insertion near a growth-related gene (LMO2
for the T-cell lymphomas in X-SCID, and MDS1/EV1 for clonal prolifera-
tions in CGD patients). In addition, liver tumors have developed following
lentiviral vector-mediated factor IX hepatic gene transfer in mice (Themis
et al., 2005). While these results are troubling, it is still important to note that
four of the eight patients who have been successfully cured in the French
X-SCID trial are still doing well, and all the patients from a second X-SCID
trial performed in London are well and free from adverse events (Baum,
2007; Thrasher et al., 2006). In addition, new lentiviral vectors avoid the use
of highly active LTR-based promoters, and thus may improve safety profiles
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(Griesenbach et al., 2006); however, others remain more pessimistic (Porteus,
2006).

A second issue is that it is desirable in all cases, and required in many,
to use lineage-specific transcriptional control elements. However, defining
such control elements is non-trivial, and may require years of experimenta-
tion. For the treatment of hemogoblinopathies such as thalassemias, native
hemoglobin regulatory elements are too large to be efficiently delivered
together with the relevant coding regions to hematopoietic stem cells. It has
taken an extraordinary effort, by many laboratories, to define smaller tran-
scriptional regulatory elements and to devise ways to deliver these with the
current generation viral vectors. One recent successful development made
use of a knowledge of p-globin transcriptional regulation together with
lentiviral delivery technology to express artificial hemoglobin genes with
apparently strict transcriptional control in murine hematopoietic stem cells
(Malik and Arumugam, 2005; Malik et al., 2005; Puthenveetil et al., 2004).
The extension of these approaches to large animal models remains to be
demonstrated.

A final issue with gene replacement therapy is that it is best suited to treat
diseases due to the complete deficiency or absence of a gene product. Gene
replacement therapy is less well-suited or may not be applicable to diseases
caused by the presence of an aberrantly functioning protein that may inter-
fere with the function of the replacement normal protein. These diseases may
require a more complicated approach in which simultaneous gene replace-
ment and the suppression or knockdown of the defective gene product may
be required. One example of a disease where this combined approach may be
required is sickle cell disease (Sadelain, 2006; Samakoglu et al., 2006). How-
ever, gene knockdown strategies involve highly conserved cellular RNAi
mechanisms whose function is required for normal hematopoietic develop-
ment. The long-term safety of this type of combined approach is an open
question.

1.2. Genome Engineering: A Targeted Approach

A potential solution to some of the drawbacks and hurdles facing tradi-
tional gene replacement therapy is the possibility of “genome engineering,”
which describes an emerging discipline in which genomes of target organ-
isms or cells are manipulated in vivo, using site-specific recombination to
alter or add genetic information. The concept of genome engineering is not
new, and dates back to experiments in the late 1970s in which ectopic DNA
could be incorporated into the genome of the budding yeast Saccharomyces
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cerevisiae. The success of this approach depends on endogenous homolo-
gous recombination pathways (Hinnen et al., 1978; Orr-Weaver et als, 1981?.
Depending on the exact methodology, individual yeast genes can be effi-
ciently incorporated, deleted, mutated or corrected. However, while homo%—
ogous recombination is extremely efficient in yeast, in mammalian cells it
occurs at a very low frequency, often in the range of 1075 to 1077 per trans-
formed cells (Doetschman ef al., 1987; Koller and Smithies, 1989). As we
describe below, this limitation can in part be overcome by using a highly
site-specific endonuclease to cleave the donor or recipient locus to stimulate
targeted homologous recombination. The development of these reagents has
allowed the field of genome engineering to progress dramatically over th.e
past five years, together with the pursuit of several specific genome engi-
neering applications (Bullard and Weaver, 2002; Glaser et al., 2005; Gouble
et al., 2006; Tzfira and White, 2005; Vasquez ef al., 2001):

e Synthetic biology. DNA synthesis technology now allows the assembly
of large artificial DNA fragments — up to several tens of thousands (.)f
base pairs — which are of sufficient size to encode entire metabolic
pathways. Embedding these new pathways in a “minimal” genome or
other model organism for the purpose of creating new types of syn-
thetic organisms is the goal of the emerging science of synthetic bi'o'l-
ogy (Ghatge et al., 2006; Posfai et al., 1999). The use of site-specific
nucleases or recombinases to embed synthetic genes at specific desired
target sites in model organisms represents a crucial enabling tec‘h'nc.ﬂ-
ogy for synthetic biologists to create, manipulate, and control artificial
genomes.

e Pest control. Synthetic genes encoding artificial nucleases may be used
to create “selfish” genetic elements with the ability to integrate into and
alter target genes while promoting their own transmission. This type of
genetic drive system can strongly bias Mendelian inheritance to favor the
generation of progeny that contain both the selfish genetic element and
the altered target gene(s) (Burt, 2003). In modeling experiments, co.mplete
penetration of such a “hyper-dominant” allele through a population can
occur in fewer than 20 generations. This strategy has been proposed asa
novel means for genetic control of Anopheles-mediated malaria transmis-
sion by dominant transmission and inheritance of traits corresponding
to resistance against Plasmodium infection, or by reducing the lifespan' or
reproductive fitness of the insect host (Chase, 2006). Practical eYaluatlon
and implementation of such a strategy are presently the subjects of a
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Gates Grand Challenges project focused on the control of malaria and
the malaria vector Anopheles gambiae (Burt, 2005).

e Gene repair. By using standard transfection methods to introduce a site-
specific nuclease and a modifying genomic template into primary lym-
phocytes, it has been possible to modify up to ~5% of the target locus in the
transfected cell population (Urnov et al., 2005). This approach, when used
to modify a mutant gene so as to restore normal function, is often termed
“gene repair” or “gene correction.” While gene repair has the same goal
as traditional gene therapy approaches — restoration of the expression
of a normally functioning protein — it has many advantages (Bertolotti,
1996). Since the endogenous gene’s function is restored, the protein is
expressed under the control of its natural regulatory elements, thus elim-
inating potential problems with inappropriate or inadequate expression
of a transgene or transgene silencing. By targeting the repair with high
efficiency to a single mutant locus, gene repair may also be able to dra-
matically reduce mutagenesis due to random insertions at other genomic
locations.

2. Double Strand Break-Induced Gene Conversion
and Gene-Specific Nucleases

Several different technologies have been developed to promote efficient
targeted gene correction in mammalian cells. These include gene-targeted
triplex forming oligonucleotides and hybrid RNA-DNA oligonucleotides
(Kolb et al., 2005) and the use of highly site-specific recombinases and trans-
posases (Coates et al., 2005). Each of these approaches has limitations related
to the range of sequences that can be targeted (e.g., triplex-forming oligonu-
cleotides), or the requirement for prior introduction of a target site (e.g., for
site-specific recombinase-mediated targeting). Potentially the most versatile
of all genome engineering technologies are those that make use of DNA dou-
ble strand break-targeted homologous recombination for gene modification.
Recent achievements (Urnov et al., 2005; Arnould et al., 2007) indicate that
this method allows a desired genomic sequence to be altered in a precise
manner, without the requirement for a selection marker or the introduction
of additional exogenous DNA sequence(s).

Double strand break-targeted recombination requires the introduction
or expression of a site-specific endonuclease in cells to generate a DNA
double strand break at or near the desired modification site, together with
the presence of a DNA repair template. Repair templates typically flank
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the DNA double strand break site and include sequence modifications
to be incorporated upon repair. Homologous recombination is a normal
DNA repair pathway that makes use of homologous donor DNA to repair
strand breaks. This pathway is highly conserved, and is used in many
cells and organisms to repair DNA double strand breaks with high effi-
ciency and fidelity or accuracy. The machinery of homologous recombi-
nation makes use of the DNA double strand break ends, together with
the repair template, to incorporate DNA sequence modification(s) in the
repair template into the chromosome as part of the process of DNA break
repair.

A significant practical barrier to a widespread application of this accu-
rate and efficient gene repair mechanism in genome engineering has been the
requirement for endonucleases that are able to induce DNA double strand
breaks at specific chromosomal target sites. Until very recently the technol-
ogy to accomplish this has been lacking. However, over the past several
years, two different approaches to creating enzymes capable of inducing
highly site-specific DNA double strand breaks have been developed: zinc
finger nucleases (ZFNs) and homing endoniicleases (HEs) (Fig. 1).

ZFN site-specific nuclease technology involves the creation of artificial
nucleases by appending a non-specific nuclease domain (such as the cat-
alytic domain of the FokI restriction endonuclease) to a DNA-recognition
and binding construct consisting of a tandem array of zinc fingers (Bibikova
et al., 2001; Porteus, 2006; Smith et al., 2000). As individual zinc fingers rec-
ognize DNA triplets within the context of long cognate target sites (Beerli
and Barbas, 2002; Bulyk et al., 2001; Segal et al., 1999), the concatenation of a
series of zinc fingers of defined triplet specificity provides the possibility to
create ZFNs able to bind and cleave at rare DNA targets. ZFNs have been
demonstrated to induce gene correction/modification in both Drosophila
and mammalian cells (Bibikova et al., 2003; Porteus and Baltimore, 2003),
and the highly efficient correction of disease-associated mutations in the
human IL2Ry gene (Urnov et al., 2005).

Zinc finger nucleases have the important advantage of some capacity for
modular design, and therefore ZFN technology has been the subject of inten-
sive study over the past ten years (Porteus, 2006). While ZFN technology
is clearly useful in designing nucleases able to cleave at diverse target
sites, it also has several important limitations (Segal ef al., 2003). The main
one results from the fact that DNA-recognition by individual zinc fingers
is context-dependent: the identity of neighboring zinc fingers and target
DNA sequences strongly influences their specificity and affinity towards
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(B)

F.ig. 1. (A) A hypothetical model of a zinc finger nuclease dimer bound to a DNA target
site. Each subunit consists of a tandem series of three zinc fingers (blue arrows) tethered to
the nuclease domain of the Fokl restriction enzyme (red arrows). The model shown is based
on the crystal structure of the Zif 268 zinc finger-DNA cocrystal structure (PDB code 1AAY)
and the crystal structure of the FokI endonuclease bound to its DNA target (PDB code 1FOK)

As structure of a zinc finger nuclease chimera has not yet been solved, the model is for illus;
trative purposes only. In the active complex, it is known that the nuclease domains form a
clloselly associated transient dimer interface during double strand cleavage. The individual
zinc fingers are each associated with three basepairs of the DNA target site (18 bases total)

The two cognate binding sites for these modules are separated by a nonspecific sequence;
of DNA that harbors the sites of cleavage by the nuclease domains. (B) The crystal struc-
ture of a monomeric LAGLIDADG homing endonuclease (I-Anil) bound to its 19 basepair
cognate target site. The active sites and cleaved phosphates are located at the center of the

endonuclease-DNA complex; the target site is 19 basepairs in length.

“cognate” DNA codons. Therefore, engineering is not a simple modular
process of appending zinc fingers with the appropriate triplet recognition
specificity — multiple steps of selection and optimization are required.
Indeed, the exquisite specificity and affinity of clinical grade reagents is
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a tedious and time-consuming process and is essential for the genesis of
efficient toxic-free zinc finger nucleases (e.g., Urnov et al., 2005). Therefore,
modular assemby of designed polydactyl zinc-finger DNAbinding domains
is an illusive advantage when compared to emerging customization of clin-
ical grade homing endonucleases.

Homing endonucleases are naturally occurring, highly site-specific DNA
endonucleases that are encoded as open reading frames embedded within
introns or inteins (Fig. 2) (Belfort and Roberts, 1997; Stoddard, 2005). First
discovered in the 1980s as part of the mobile genetic elements in yeast
(Jacquier and Dujon, 1985; Kostriken et al., 1983), homing endonucleases
promote the mobility of introns or inteins that contain the endonuclease
open reading frame by generating a site-specific DNA double strand break
in a homologous gene Or allele that lacks the intron or intein (Colleaux
ot al., 1986). DNA break repair leads to lateral transfer of the element via
homologous recombination to the cleaved allele, using the intron- or intein-
containing allele as a repair template. Thus, homing endonuclease genes
(HEGS) are selfish DNA sequences that are inherited in a dominant, non-
Mendelian manner, and represent nature’s application of double strand
break-induced gene modification. Since their discovery, one of the first well
characterized homing endonucleases (I-Scel protein from budding yeast)
has been widely used to promote DNA double strand break-induced recom-
bination in a wide variety of genomes. This work demonstrates the general
utility of using homing endonucleases to induce site-specific recombina-
tion for gene repair, though with wide variations in the efficiency of repair
and length of the repair template (commonly referred to as the “conversion
tract”) that is incorporated into the repaired allele (reviewed in Paques and
Duchateau, 2007).

Homing endonucleases are widespread and are found encoded within
introns and inteins in all biological super-Kingdoms. Based on primary
sequence homology, five homing enzyme families have been identified
(Fig. 3), each primarily associated with a unique Jocation in the host
genomes: the LAGLIDADG endonucleases (found in archaea and fungal
and algal organellar genomes), His-Cys Box family (found in protist nuclear
genomes), the HNH and GIY-YIG endonucleases (found in bacteriophage)
and the PD-(D/E)XK family, similar to archael Holliday junction resolvases
and type II restriction endonucleases, as typified by I-Sspl (found in bacte-
rial genomes) (Stoddard, 2005). The His-Cys Box and HNH family appear
to be descended from a common ancestral origin (which also gave rise to
bacterial colicins and many additional DNA modifying enzymes), while the
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Fig. 2. .Homing endonucleases and intron/intein mobility. Homing is the transfer of an
intervening sequence (either an intron or intein) to a homologous allele that lacks the
sequence, leading to gene conversion and dominant transmission and inheritance of the
mobile element. Invasion of ectopic sites, including transfer across biological kingdoms and
between different genomic compartments, has also been documented. Homing is initiated
by an endonuclease, that is encoded within the mobile intervening sequence, that recognizes
a DNA target site and generates a single or double strand break. Transfer of group I introns
and inteins is initiated solely by the endonuclease activity, and is completed by cellular
me@anisms that repair the strand breaks via homologous recombination, using the intron-
or intein-containing allele as a template. (Based on Fig. 1 of: Stoddard BL, Q Rev Biophys
38: 49-95 (2005), with permission of Cambridge University Press.)

remaining three families each contain a unique catalytic scaffold and appear
to have arisen independently of one another. The structure and mechanisms
of representatives from each of these families have been extensively charac-
terized over the past ten years.
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Fig.3. Representative members of the known group I homing endonuclease familigs. Eac.h
particular family of homing endonuclease is generally constrained to mobility wit‘hm their
corresponding family of host organisms and genomes, presumably due to barriers 1mpo§ed
by the constraints of host toxicity and/or poor mobility when transferred into a foreign
genome. Of these homing endonuclease families, the LAGLIDADG endonucleases have

become increasingly useful for engineering.

3. LAGLIDADG Homing Endonuclease Proteins
are Well-Suited for Protein Engineering and Genomic
Targeting Applications

The LAGLIDADG homing endonucleases (“LHEs”) are the largest family
of such enzymes, which includes the first identified and biochemically char-
acterized intron-encoded proteins (Dujon, 1980; Jacquier and Dujon, 1985;
Kostriken et al., 1983; Lazowska et al., 1980). It has also been variously termed
the “DOD,” “dodecapeptide,” “dodecamer,” and “decapeptide” endonu-
clease family, based on the conservation of a 10-residue sequence motif
(Belfort et al., 1995; Belfort and Roberts, 1997; Chevalier and Stoddard, 2001;
Dalgaard et al., 1997; Dujon, 1989; Dujon et al., 1989). LHEs are segregated into
groups that possess either one or two copies of the conserved LAGLIDADG
motif. Enzymes that contain a single copy of this motif act as homodimers
on DNA targets sites that are palindromic or near-palindromic. In contrast,
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LHEs that have two copies of the motif are monomers that possess a pair
of structurally similar nuclease domains on a single peptide chain. These
endonucleases are not constrained to symmetric DNA target sites. The two
domains are linked in these monomeric proteins by flexible linker peptides
that range from three residues to over 100 residues (Dalgaard et al., 1997).
LHEs that are not covalently linked to additional functional domains rec-
ognize DNA sites that range from 18 to 22 base pairs (Agaard et al., 1997;
Dalgaard et al., 1994; Durrenberger and Rochaix, 1993; Perrin et al., 1993).
They cleave both DNA strands to generate cohesive four-base 3'-overhangs
(Colleaux et al., 1988; Durrenberger and Rochaix, 1993; Thompson et al.,
1992). Like most nucleases, LHEs require divalent cations for activity.

As reviewed below and in Stoddard (2005), the LAGLIDADG family
appear to be homing endonucleases of choice for engineering and gene-
specific applications:

(i) They represent the largest collection of known and characterized HEs,
with a diverse biological host range that spans the genomes of plant
and algal chloroplasts, fungal and protozoan mitochondria, bacteria
and Archaea (Dalgaard et al., 1997). One reason for the wide phyloge-
netic distribution of LAGLIDADG genes appears to be their remarkable
ability to invade unrelated types of intervening sequences, including
group lintrons, archaeal introns and inteins (Belfort and Roberts, 1997;
Chevalier and Stoddard, 2001). Descendents of LAGLIDADG homing
endonucleases also include the yeast HO mating type switch endonu-
clease (Jin et al., 1997), and “maturases” that assist in group I intron
splicing (Delahodde et al., 1989; Geese and Waring, 2001; Lazowska
et al., 1989; Schafer et al., 1994).

(i) They are the most specific of all known homing endonucleases, typ-
ically recognizing 19 to 22 base-pair DNA target sites. Thus, LHEs
target DNA sites that are sufficiently long to ensure that they cleave
one or a small number of target sites, even within complex genomes.
They display low- to sub-nanomolar dissocation constants against their
cognate target sites. The specificity of cognate DNA recognition and
cleavage, and the structural basis for this behavior, has been exten-
sively described both for a homodimeric LHE (I-Crel: Chevalier ef al.,
2003) and for monomeric LHEs that are prototypes for genome engi-
neering and correction applications (I-Scel: Gimble et al., 2003; and
I-Anil: Scalley-Kim et al., 2007); under physiological conditions, the
measured specificity of DNA recognition for that latter enzyme is at
least 1 in 10° random sequences.
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(ili) They possess a well-defined, relatively small and highly modularized
structure, and employ a DNA-binding mechanism, described in detail
below, that is amenable to design and engineering. Monomeric LHEs
(those containing both active sites and DNA recognition regions on a
single peptide chain) are surprisingly small (ranging from ~200 to 250
amino acids total) relative to their long DNA target sites, thus simpli-
fying the task of delivering a functional nuclease or its gene to target
cells (Dalgaard et al., 1997).

(iv) LHE’s have been shown to be highly effective in inducing markerless
modification of genes without toxicity in both prokaryotic and eukary-
otic organisms. Of note, the prototypical LHE I-Scel has been used as the
“gold standard” against which the activity and specificity of engineered
7FN’s have been measured (Paques and Duchateau, 2007; Porteus and
Baltimore, 2003).

(v) LHE cleavage activity is tightly linked to site-specific binding of the
cognate DNA target, significantly minimizing off-site cleavage activ-
ity (Chevalier et al., 2004). Extensive experimentation by a wide vari-
ety of laboratories with I-Scel and other LHEs, in which transfected
eukaryotic cells overexpress active endonuclease scaffolds, indicate lit-
tle or no toxicity or off-site activity in a variety of experimental contexts,
together with the ability to promote efficient, DNA double strand break-
dependent gene conversion (Paques and Duchateau, 2007).

(vi) LHE proteins have the potential for biochemical diversification, as they
can be converted to site-specific nicking enzymes (McConnell-Smith
and Stoddard, unpublished data) and can be fused to additional func-
tion protein domains at their N- and C-termini while retaining target
site-specific binding affinity and activity.

3.1. The Structure, Specificity and Catalytic Activity of
LAGLIDADG Endonucleases

The structures of several LHEs bound to their DNA targets have been
determined [Fig. 4(A) and 4(B)]. These include several homodimers [I-Crel
(Chevalier ef al., 2003 and 2001; Heath et al., 1997; Jurica et al., 1998), I-Msol
(Chevalier et al., 2003) and I-Ceul (Spiegel et al., 2006)], pseudosymmetric
monomers [I-Anil (Bolduc et al., 2003) and I-Scel (Moure et al., 2003)], an
artificially engineered chimeric enzyme [H-Drel (Chevalier et al., 2002)] and
an intein-associated endonuclease from yeast [PI-Scel (Moure et al., 2002)].
Structures have also been determined of additional LHE’s in the absence
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Fig. 4. Structural features of LAGLIDADG homing endonucleases. (A) DNA bound com-
plex of the I-Crel homodimer. (B) DNA bound complex of the I-Anil monomer. The peptide
linker connecting the two related domains is outlined in yellow. (C) The LAGLIDADG motifs
form the helices at the domain interface of the I-Crel structure and serve a similar role in
all known LAGLIDADG enzymes. (D) Structure and orientation of the DNA-binding anti-
parallel B-sheets from I-Crel. (E) Summary of direct and water-mediated contacts between
the I-Crel enzyme and the bases of its DNA target site. Direct bonds are shown as solid
arrows (red to bases, green to backbone atoms); water-mediated contacts are shown as blue
dashed and solid lines. The scissile phosphates are indicated with black closed circles. (F) Pro-
posed catalytic mechanism for I-Crel, as described in the text. Nucleophilic water is red; sur-
rounding ordered water molecules are blue. (Based on Fig. 3 of: Stoddard BL, Q Rev Biophys
38: 49-95 (2005), with permission of Cambridge University Press.)
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of DNA. LHE domains form an elongated protein fold that consists of a
core fold with mixed «/g topology (a-B-p-a-p-p-a: Heath et al., 1997). The
overall shape of this domain is a half-cylindrical “saddle” that averages
approximately 25 A x 25 A x 35 A. The surface of the saddle is formed by
an anti-parallel, three- or four-stranded B-sheet that presents a large num-
ber of exposed basic and polar residues for DNA contacts and binding. The
complete DNA-binding surfaces of the full-length enzymes, generated by
two-fold symmetry or pseudo-symmetry, are 70 to 85 A long and thus can
accommodate DNA target sites of up to 24 base pairs.

The LAGLIDADG motifs [Fig. 4(C)] form the last two turns of the
N-terminal helices in each folded domain or monomer and are packed
against one another. They also contribute N-terminal, conserved acidic
residues to two active sites where they help coordinate divalent cations that
are essential for catalytic activity. The structure and packing of the parallel,
two-helix bundle in the domain interface of the LAGLIDADG enzymes is
strongly conserved among the otherwise highly diverged members of this
enzyme family.

Two structurally independent, antiparallel -sheets (one from each pro-
tein domain) are used to contact nucleotide bases within the major groove,
at positions flanking the central four base pairs [Fig. 4(D)]. Despite little
primary sequence homology among the LHEs outside of the motif itself,
the topologies of the endonuclease domains of the enzymes visualized to
date, and the shape of their DNA-bound g-sheets, are remarkably similar.
A structural alignment of several endonuclease domains and subunits in
their DNA-bound conformation indicates that the structure of the central
core of the B-sheets is well conserved (Bolduc ef al., 2003). The conforma-
tions of the more distant ends of the B-strands and connecting turns are
more degenerate. Base pairs +3 to £7 in each DNA half-site are typically
recognized with higher specificity than base pairs in the less conserved, dis-
tant flanks of the DNA target. In rare cases, the core fold of LHEs can be
tethered to additional functional domains involved in DNA binding (Sitbon
and Pietrokovski, 2003). For example, a single copy of a canonical helix-turn-
helix domain is found downstream (C-terminal) from the LAGLIDADG core
of the intron-associated gene product of ORF Q0255 in yeast. This motif
is similar to a conserved region of the bacterial sigma54-activator DNA-
binding protein (Wintjens and Rooman, 1996).

LHEs typically make contact with 65 to 75% of possible hydrogen-bond
donors and acceptors of the base pairs in the major groove. They make
few or no additional contacts in the minor groove, and contact approxi-
mately one-third of the backbone phosphate groups across the homing site
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sequence [Fig. 4(E)]. These contacts are split evenly between direct and
water-mediated contacts. Target site DNA is progressively and gradually
bent around the interface formed by antiparallel g-sheets to give an over-
all curvature across the entire length of the site of ~45°. The information
content (specificity) of recognition and cleavage by these enzymes, at each
base pair of their DNA target site, is correlated with the number and type
of intermolecular contacts made by the enzyme to each base pair. In addi-
tion, specificity is increased at the individual base pairs, particularly near
the center of the cleavage site, by the additional indirect contribution of
sequence-specific conformational preferences of the DNA itself.

The structures of several LHEs have been determined at relatively high
resolution in complex with DNA (2.4 to 1.5 A). These high resolution struc-
tures demonstrate the presence of three bound divalent metal ions dis-
tributed across a pair of overlapping active sites, with one central metal
shared between the active sites. These enzymes appear to employ a canonical
two-metal mechanism for phosphodiester hydrolysis [Fig. 4(F); Chevalier
et al., 2001]. The active site metal ions are coordinated by conserved acidic
residues from each LAGLIDADG motif, and by oxygen atoms from scis-
sile phosphates on each DNA strand. Individual details of the structural
mechanism of nucleophilic activation appear to differ between enzyme sub-
families. With the exception of the direct metal-binding residues from the
LAGLIDADG motifs, the active site residues are only moderately conserved
within the LAGLIDADG enzymes (Chevalier et al., 2001).

3.2. Engineering and Selection of LAGLIDADG Homing
Endonucleases with Altered Structures and Specificities

The past 20 years of homing endonuclease research, including recent
analyses of their evolution and divergence that have been facilitated by
high-throughput sequencing programs, have conclusively documented the
dynamic evolution of these gene and protein families. Protein open reading
frames have undergone rapid divergence, structural shuffling and recom-
bination, continuous adaptation to and invasion of ectopic target inser-
tion sites, rapid expansion throughout novel target lineages, and cyclical
acquisition and loss. As a result, it is widely believed that the actual —
and potential — site recognition repertoires of homing endonucleases are
extremely broad. These data argue that if the primary mechanisms by which
evolution has driven specificity changes in homing endonucleases could be
duplicated in the laboratory, it should be possible to generate a wide variety
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of HEs with diverse DNA target site specificities for genome engineering
applications.

The structures of several hundred protein-DNA complexes have been
determined and analyzed at high resolution, and there have been many cor-
responding attempts to survey and catalogue the identity of contacts made
in those complexes (Pabo and Nekludova, 2000). These studies have repeat-
edly indicated that while certain DNA nucleotides display preferences for
specific residue contact patterns (such as the use of arginine side chains
to make direct contacts to guanine bases, or the use of the amides of glu-
tamine and asparagine to make direct contacts to adenine bases), there is
no simple one-to-one “code” describing and predicting such interactions,
even for the most modular and simplest DNA recognition modules such
as zinc-fingers (Wolfe et al., 2000a and 2000b). This is due to the fact that
side-chain contacts to DNA bases, and their individual contribution to speci-
ficity, are exquisitely sensitive to the surrounding structural and chemical
context of the protein-DNA interface. This context is determined by the local
backbone conformation and the structure of both the protein and the corre-
sponding DNA target site, as well as the conformational changes that occur
during complex formation and the interdependence of neighboring contact
networks.

In addition to the context-dependent role of direct protein contacts, bind-
ing specificity is also driven by the sequence-dependent conformational
preferences of potential target sites, which can greatly influence and increase
specificity at the individual nucleotide positions (Lavery, 2005). This prop-
erty is usually termed “indirect” readout of specificity, as contrasted to the
specificity created through direct contacts as described above. For exam-
ple, the homing endonuclease I-Crel clearly displays very strong sequence
preferences in the DNA target at individual base pairs that are not directly
contacted by the enzyme, due to significant DNA bending induced across
the center of the target site (Chevalier et al., 2003).

The implication of these studies for the engineering of novel protein-
DNA specificities is clear: that structure-based redesign of direct protein-
DNA contact points, together with the generation or selection of equally
critical variants within the protein scaffold, will be required to produce
proteins with the requisite target site specificity for genome engineering
applications.
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3.3. Redesign of Homing Endonuclease Domain Architecture
and Oligomery

Several independent studies have demonstrated that domains or subunits
from unrelated LHEs can be fused to create fully active, chimeric hom-
ing endonucleases that recognize corresponding chimeric DNA target sites
(Chevalier et al., 2002; Epinat et al., 2003; Steuer et al., 2004). This technology
requires extensive repacking of the domain interface, and allows the creation
of new protein scaffolds with novel specificities. These studies reinforce the
idea that LAGLIDADG HEs display modularity of form and function, with
individual domains and subunits being largely or entirely reponsible for the
recognition and binding of individual DNA target half-sites.

Of particular note, two separate groups have generated an artificial
highly specific endonuclease by fusing domains of homing endonucle-
ases I-Dmol and I-Crel (Fig. 5); the novel proteins were termed “E-Drel”
(now renamed H-Drel for Hybrid-Dmo/Crel) and “DmoCre,” respectively
(Chevalier et al., 2002; Epinat et al., 2003). In the former study leading to the
creation of H-Drel, structure-based protein engineering was accomplished
by combining computational redesign and an in vivo protein folding and
solubility screen (Chevalier et al., 2002). The resulting enzyme binds a long
chimeric DNA target site with nanomolar affinity, cleaving it precisely at
the same phosphate groups with a rate equivalent to its natural parents.
The structure of the engineered protein in complex with its DNA target
demonstrated the accuracy of the protein interface redesign algorithm, and
revealed how catalytic function was maintained by the creation of new,
chimeric active sites. Most importantly, the mechanism of DNA recognition
displayed by the chimeric endonuclease, and the identity of its residues used
to make contacts to individual nucleotides, appeared to be indistinguish-
able from the original parental enzymes. Thus, the individual domains of
LAGLIDADG endonucleases appear to be highly modular, and thus can
be shuffled and recombined in order to make large numbers of different
DNA-binding specificities.

Additional engineering experiments have reinforced this concept.
Domains isolated from homing endonucleases and from . inteins (self-
splicing protein ligases, that are often associated with HEs) can be fused
and shuffled into artificial, bifunctional inteins with novel DNA-binding
specificities and /or activities. One such construct was assembled by insert-
ing a gene that expresses one of the two I-Crel subunits into the Mycobac-
terium xenopi Gyr A mini-intein (Fitzsimons-Hall et al., 2002). This engineered
intein displayed appropriate protein splicing, and produced a homodimeric
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I-Dmol

Fig. 5. Generation of an artificial, chimeric homing endonuclease. Individual domains of
the I-Dmol and I-Crel parental enzymes (a monomeric LHE from an archaea host and a
homodimeric LHE from a green algae, respectively) were fused into a single peptide chain,
and computational protein engineering was employed to redesign and stabilize the novel
domain interface. The resulting protein retains the overall thermal stability, specificity and
cleavage rate of the parental enzymes, while acting at a chimeric DNA target site. (Based
on Fig. 12 of: Stoddard BL, Q Rev Biophys 38: 49-95 (2005), with permission of Cambridge
University Press.)
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site-specific endonuclease activity identical to naturally occurring I-Crel.
Separate experiments have also demonstrated that the PI-Scel protein splic-
ing domain can be used as a site-specific DNA binding module in chimeric
protein constructs: domain swapping between the PI-Scel and a homologue
from Candida tropicalis (P1-CtrIP) was conducted to design altered specificity
proteins (Steuer et al., 2004).

A related experiment has demonstrated that a single chain, monomeric
endonuclease can be generated from a homodimer predecessor, I-Crel
(Epinat et al., 2003). This construct was shown to initiate homologous recom-
bination in both yeast and mammalian cells. Finally, the role and mutability
of LAGLIDADG interface residues has been examined by grafting side
chains from the homodimeric I-Crel into the corresponding positions in the
monomeric I-Dmol enzyme, resulting in enzymes with novel nicking activ-
ities and oligomeric properties (Silva and Belfort, 2004). Subsequent exper-
iments with this same enzyme have demonstrated that individual domains
from the monomeric wild-type protein can be engineered to form stable and
functional homodimers, again illustrating the modularity of LHE scaffolds
(Silva et al., 2006).

3.4. Redesign of Homing Endonuclease DNA Contacts
and Specificity

Several methods have been used to alter the DNA target site specificity of
LHE’s (Figs. 6 and 7). These have focused in large part on the mutation
of individual DN/A-protein interface side chains that contact specific DNA
target site base pairs. These strategies can be broadly divided into:

(i) Protocols that rely on a selection for high affinity DNA binding activity.
(ii) Protocols that rely on a selection for efficient cleavage activity. Exam-
ples have been described (summarized below) of methods that rely
on the elimination of a gene (usually by destruction of a plasmid and
a resident protein coding sequence) or on complementation of a gene
(by cleavage-induced homologous recombination of two dysfunctional
enzyme alleles into a wild-type, functional reading frame). This latter
method is the basis of the most successful “high-throughput” endonu-
clease redesigns to date, which have progressed to targeting of physio-
logically relevant gene sequences. Those experiments are summarized

at the end of this section.
(iii) Protocols that rely on structure-based computational redesign of DNA-
protein interface contact surfaces and residues. It is important to note
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Fig. 6. Selections and screens for altered specificity homing endonucleases. (A) Selection
for DNA binding activity using a two-hybrid system (Gimble et al., 2003). Gal11P /PI-Scel
variants expressed from a plasmid library that bind to a homing site increase the expression
of HIS3 and aadA by recruiting the RNAP«/Gal4 fusion protein to the weak P, promoter
on the F. Thus, cells that express a PI-Scel protein capable of binding a chosen DNA target
sequence grow on histidine-selective and spectinomycin-selective media. (B) Selection for
DNA cleavage activity (Chen and Zhao, 2005; Doyon and Liu, 2006). Co-existence of two
plasmids kills bacterial cells because one expresses the toxic CcdB gene product. Selection can
be made for I-Scel enzyme variants that cleave I-Scel target sites on the CcdB plasmid because
they eliminate it and allow the cells to survive. (C) Screen for homologous recombination
activity (Arnould et al., 2006). Expression of I-Crel from a plasmid library cleaves a target site
within an interrupted lacZ gene located on a reporter plasmid. This DSB stimulates single
strand annealing (SSA) of two direct repeats that flank the site, leading to restoration of a
functional lacZ gene and the appearance of a blue colony. (Figure and caption reproduced
from: Gimble FS, Gene Ther Regul 3: 33-50 (2007), with permission of the author and of World
Scientific Publishing.)
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complexes, as well as predicted relative energies of the complexes.
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that high resolution crystal structures of the wild-type protein-DNA
complexes have been used in various contexts, either to enable the tar-
geted redesign of homing endonuclease-DNA contacts at individual
residues (thus bypassing selection approaches altogether), or to facili-
tate more efficient mutational screening of enzyme libraries (by identi-
fying, and thus greatly reducing, the number of protein residues to be
randomized). The use of such crystal structures is a prominent feature
of the most successful LHE redesigns described to date.

3.4.1. Redesign of specificity at individual DNA base pairs

An early attempt to reprogram the DNA recognition specificity of a homing
endonuclease involved an adaptation of a bacterial two-hybrid screening
strategy [Gimble et al., 2003; Fig. 6(A)]. In this experiment, variants of the
intein-encoded PI-Scel homing endonuclease with altered binding speci-
ficities were selected, and then characterized for their ability to discriminate
between the corresponding substrates in DNA cleavage reactions. The speci-
ficities of the selected endonuclease variants ranged from being relaxed (i.e.,
able to cleave the wild-type and mutant targets equally) to being shifted to
preferring the selection targets. However, none of the variants displayed the
same discrimination as wild-type PI-Scel.

Two alternative strategies have used bacterial selection strategies based
on the cleavage and elimination of a reporter gene to isolate homing
endonuclease derivatives with altered specificities. In the first, cleavage of
the target site results in cells being converted from lac™ to lac™, allowing
selection of desired activities based on a simple blue-white colony pheno-
type screen [Rosen ef al., 2006; Seligman et al., 2002; Sussman et al., 2004;
Fig. 7(A)]. Undesirable activity (e.g., cleavage of the original wild-type site)
can be suppressed through a secondary “negative” screen for elimination
of an essential reporter (such as an antibiotic resistance marker). Using this
method, endonuclease mutants with single or double amino-acid substi-
tutions, at positions predicted to make base-specific DNA contacts, were
assayed against appropriate DNA target site mutants. Enzyme variants with
shifted specificities, but with reduced ability to discriminate between cog-
nate and miscognate sites, were typically obtained. Crystallographic anal-
yses of several of these altered mutants in complex with their new cognate
targets demonstrated that the “modularity” of protein-DNA recognition,
previously described for entire protein domains, extends to the level of indi-
vidual amino-acid side chains (Rosen et al., 2006; Sussman et al., 2004).
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A similar bacterial selection strategy has been described in which a toxic
gene product results in cell death, unless a homing endonuclease variant
that cleaves a homing site within the toxin expression vector is also present
[Fig. 6(B)]. Two versions of this screen have been described: the first utiliz-
ing the nonspecific ribonuclease barnase (Gruen et al., 2002), and the other
describing a more easily controlled system based on the “control of cell death
B” (CcdB) protein (Doyon et al., 2006). In the latter screening strategy, CcdB
expression led to very low rates of background survival, without requiring
additional gene expression control elements such as those required to use
the more toxic barnase protein. As with the bacterial selection described in
the preceding paragraph, the CcdB system can be tailored as a positive selec-
tion for cleavage of a desired target, or as a negative selection, to strongly
disfavor the recognition of a non-cognate DNA target site sequence. This
system, when optimized, can lead to nearly 100% survival of cells express-
ing an active homing endonuclease, against a background survival of <1 in
5 x 10* with an inactive enzyme.

In separate experiments that avoided all use of combinatorial mutage-
nesis and screening methodologies, a successful computational redesign of
the I-Msol homing endonuclease was described using a physically realistic
atomic level forcefield [Ashworth et al., 2006; Fig. 7(B)]. Using an in silico
screen, investigators identified single base pair substitutions predicted to
disrupt binding by the wild type enzyme, and then optimized the iden-
tities and conformations of clusters of amino acids around each of these
unfavorable substitutions by using Monte Carlo sampling. A redesigned
enzyme predicted to display altered target site specificity was identified that
maintained wild-type binding affinity. The redesigned enzyme was found
to bind and cleave the redesigned recognition site more effectively than does
the wild type enzyme, with a level of target discrimination comparable to
the original endonuclease. Determination of the structure of the redesigned
nuclease-recognition site complex by X-ray crystallography confirmed the
accuracy of the computationally-predicted interface.

3.4.2. High-throughput screening and targeting of genomic loci

Recently, a commercial research and development group in France (Cel-
lectis, Inc.) has developed a powerful eukaryotic assay system that reports
on the generation of double-strand break-induced homologous recombina-
tion, rather than only DNA cleavage [Arnould et al., 2006; Chames et al.,
2005; Fig. 6(C)]. In this assay, the function of a gene required for growth
or for another easily scoreable phenotype is restored through the action
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of a homing endonuclease. Prior to expression and action of the HE, the
gene sequence is interrupted with an insert containing a desired HE cut site
flanked by two direct repeats. In the most recently described version of this
screen, the endonuclease expression construct and the “reporter” construct
are located in separate yeast strains, allowing the investigator to introduce
the HE (or a library of HE variants) to a target site by mating. The mating of
the two required yeast strains can be automated, and thus done as a high-
throughput assay. Thus, the same library of endonuclease variants can be
efficiently screened against multiple DNA target site variants, in parallel or
rapid sequential experiments.

Using this method, the DNA recognition specificity of I-Crel LHE has
been thoroughly analyzed. Small endonuclease mutant libraries resulting
from the randomization of two to four amino acids (corresponding to the
“nearest protein neighbors” of individual DNA basepairs) were individ-
ually screened against all potential variant cognate sequences. This anal-
ysis identified individual mutations in the I-Crel protein scaffold that
were associated with shifts in specificity at individual target site base pair
positions. From these studies, hundreds of endonuclease mutants with
altered specificies were identified, catalogued and archived (Arnould ef al.,
2006). Many of these variants displayed cleavage activities and levels of
site discrimination that were at least equivalent to the wild-type endonu-
clease, thus providing a starting point for more ambitious endonuclease
redesign to physiological targets in eukaryotic, mammalian and even human
genomes.

Using the approach summarized above, derivatives of the I-Crel LHE
have been generated that display sequence-specific cleavage and recom-
bination activity against the human RAGI gene (Smith et al., 2006) at the
site of mutations, giving rise to a rare subset of severe combined immun-
odeficiency disease (or SCID) phenotypes. I-Crel variants directed at the
human XPC (xeroderma pigmentosum complementation group C) gene
(Arnould et al., 2007) were also generated. XPC, when a mutant, confers
an extreme UV or sun-sensitivity phenotype together with a predisposi-
tion to sunlight-induced skin cancer. Both of these human disease genes are
candidates for corrective genetic therapies. Furthermore, in the latter exper-
iments, the modified I-Crel derivatives cleaving sequences from the XPC
gene were found to induce a high level of gene targeting, similar to levels
observed with the wild-type I-Crel or I-Scel scaffolds. This is the first time
an engineered homing endonuclease has been used in mammalian cells to
target and modify a chromosomal target locus.
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3.4.3. Surface display of homing endonucleases: avoiding bottlenecks
in mutagenesis and screening?

While the methodologies summarized above have shown great promise in
delivering tailor-made gene-specific targeting reagents, they are limited by
the requirement to first generate and then screen libraries of endonuclease
mutants. Moreover, the selections and screens discussed above require
the generation of unique intracellular reporter constructs that must be
redesigned and constructed for each target sequence of interest. In order
to address these issues, investigators have recently described a novel sys-
tem where LHE proteins might be rapidly mutated in vivo and then screened
to identify and isolate endonuclease variants with a new DNA target speci-
ficity (Fig. 8; Volna et al., 2007). This work has built on a recent study that
describes the evolution and selection of fluorescent protein spectral prop-
erties using the somatic hypermutation machinery of lymphocytes (Wang
et al., 2004).

Investigators demonstrated that LHEs can be expressed on the plasma
membrane of a lymphocyte cell line by targeting the expression of an LHE-
CDS80 transmembrane fusion protein to the secretory pathway. Surface-
expressed LHEs faithfully recapitulate the properties of the native enzymes
in solution, as assessed by flow cytometric analysis of both the binding and
the cleavage of fluorescently conjugated double-stranded DNA target site
oligonucleotides. Identification of endonuclease expression clones with the
desired DNA recognition properties was highly specific, allowing discrimi-
nation of endonucleases with binding preferences differing by only a single
base pair. Furthermore, target sequence-specific LHE interactions with these
DNA target site probes under conditions that limit substrate cleavage allow
both the identification and sorting or enrichment of clones expressing LHE
variants with the highest site specificity and affinity for further character-
ization. This coupled rapid analysis of LHE-DNA interactions on the cell
surface, together with concurrent sorting or enrichment, should substan-
tially accelerate the generation and isolation of novel endonuclease variants
with unique DNA target specificities.

4. Concluding Remarks

The first X-ray structures of homing endonuclease (I-Crel and PI-Scel) were
reported within one month of each other in 1997 (Duan et al., 1997; Heath
etal., 1997). These were followed a year later by the first DNA-bound cocrys-
tal structure (again I-Crel) (Jurica et al., 1998). The subsequent 10 years have
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Fig. 8. DNA binding by surface displayed homing endonucleases. (A) An HA-tagged
LAGLIDADG homing endonuclease is expressed on the surface of vertebrate cells through
fusion with the transmembrane domain and tail of murine CD80. The expressed homing
endonucleases I-Anil and H-Drel retain their DN A recognition, binding and cleavage activity,
and binding can be quantitatively analyzed through the use of fluorescently labeled, double-
stranded (ds) DNA oligonucletides and flow cytometry. “SP” = signal peptide. (B) Left: The
fluorescence staining intensity using dsDNA probes is dependent on the surface expression
and display of a homing endonuclease, and is capable of discriminating between the bind-
ing of a wild-type target site vs. miscognate sites harboring single base pair substitutions.
DT40: parental cell line without surface HE expression. I-Ani (B3) and (B10): two individual
clones expressing wild-type I-Anil homing endonuclease on the surface. dsAnil and dsAni2:
distinct dsDNA probes encoding different I-Anil target sites that are efficiently recognized,
bound, and cleaved by recombinant soluble I-Anil. dsAnil-6A and dsAnil-9A: two dsDNA
probes harboring I-Anil target sites that contain single base pair substitutions which elim-
inate cleavage activity of the recombinant soluble I-Anil. Right: enrichment through flow
sorting of rare cells expressing a desired binding specificity from an excess (approximately
100-500 fold) of undesired HE binding activities.

produced a remarkable increase in our understanding of the biology, struc-
ture, function and mechanism of homing endonucleases. Representative
structures from each of the major homing endonuclease families have been
determined together with their catalytic mechanisms. At least six different
methods for the modification and redesign of homing endonuclease DNA
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target specificity have also been developed. During this period, a small num-
ber of homing endonuclease proteins have been assayed for activity and
toxicity in vivo, and have been used to investigate mechanistic aspects of
DNA double strand break repair and recombination. The first engineered
homing endonuclease variants have also been described and characterized,
and the most recent of these have been shown to induce DNA cleavage and
recombination at chromosomal target loci in vivo. This collective experience
has established the feasibility of using homing endonuclease proteins for
genome engineering, together with the data needed to further develop hom-
ing endonuclease proteins for basic science and engineering applications.

The development of engineered homing endonucleases as reagents for
basic biology (to facilitate the introduction or analysis of double- or single-
strand breaks, covalent DNA modifications or trans-acting protein factors
at specific DNA target sites in living cells) has matured rapidly over the
past decade, and their further use and development in this area is virtually
guaranteed. In contrast, the use of homing endonucleases as therapeutic
reagents for disease treatment or prevention is still in its infancy and will
require many years of dedicated work. Among the most important, unan-
swered questions are: the specificity profile of such reagents in biologically
relevant contexts (e.g., stem cells), how efficient they are in generating target
site-specific DNA double strand breaks in vivo, the range and efficiency with
which individual DNA double-strand breaks lead to desired — and unde-
sired — molecular outcomes in populations of cells, and the long-term toxic-
ity, mutagenicity and immunogenicity of homing endonucleases when used
as genome engineering, therapeutic or disease prevention reagents. These
questions are pertinent now that the feasibility of using homing endonucle-
ase proteins for genome engineering has been demonstrated, and when, as
noted by Paques and Duchateau, “the time when therapeutic applications
were pure fantasy is now gone” (Paques and Duchateau, 2007).
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