19 DANMARK (10 DK/EP 2360244 T3
(12) Oversaettelse af
europaeisk patentskrift
Patent-og
Varamaerkestyrelsen
(51) Int.Cl.: C12N 9/22(2006.01) C 12N 15/90 (2006.01)
(45) Overseettelsen bekendtgjort den: 2015-04-07
(80) Dato for Den Europaeiske Patentmyndigheds
bekendigorelse om meddelelse af patentet: 2014-12-24
(86) Europaeisk ansagning nr.: 10191904.1
(86) Europeeisk indleveringsdag: 2006-10-18
(87) Den europaeiske ansggnings publiceringsdag: 2011-08-24
(30) Prioritet: 2005-10-18 US 727512 P
(62) Stamansggningsnr: 06826293.0
(84) Designerede stater: AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HU IE IS IT LI LT LU LV MC NL
PL PT RO SE SI SK TR
(73) Patenthaver: Precision Biosciences, 302 East Pettigrew Street , Dibrell Building, Suite A-100, Durham, North
Carolina 27701, USA
(72) Opfinder: Hellinga, Homme W., 5212 Pine Cone Lane, Durham, NC 27705, USA
Smith, James Jefferson, 1808 Carnation Drive, Durham, NC 27703, USA
JANTZ, Derek, 914 NINTH STREET, Durham, NC 27705, USA
(74) Fuldmaegtig i Danmark: Chas. Hude A/S, H.C. Andersens Boulevard 33, 1780 Kobenhavn V, Danmark
(54) Benaevnelse: Rationelt konstruerede meganukleaser med aendret specificitet og DNA-bindingsaffinitet
(56) Fremdragne publikationer:

WO-A2-2004/067753

CHEVALIER B ET AL: "Flexible DNA Target Site Recognition by Divergent Homing Endonuclease
Isoschizomers I-Crel and I-Msol"”, JOURNAL OF MOLECULAR BIOLOGY, LONDON, GB, vol. 329, no. 2, 30 May
2003 (2003-05-30), pages 253-269, XP004454255, ISSN: 0022-2836, DOI: DOI:10.1016/S0022-2836(03)00447-9
SUSSMAN D ET AL: "Isolation and Characterization of New Homing Endonuclease Specificities at Individual
Target Site Positions™, JOURNAL OF MOLECULAR BIOLOGY, LONDON, GB, vol. 342, no. 1, 3 September 2004
(2004-09-03), pages 31-41, XP004844889, ISSN: 0022-2836, DOI: DOI:10.1016/J.JMB.2004.07.031

SELIGMAN L M ET AL: "Mutations altering the cleavage specificity of a homing endonuclease”, NUCLEIC
ACIDS RESEARCH, OXFORD UNIVERSITY PRESS, SURREY, GB, vol. 30, no. 17, 1 September 2002 (2002-09-
01), pages 3870-3879, XP002282592, ISSN: 0305-1048, DOI: DOI:10.1093/NAR/GKF495

CHEVALIER B S ET AL: "Homing endonucleases: Structural and functional insight into the catalysts of
intron/intein mobility”, NUCLEIC ACIDS RESEARCH, OXFORD UNIVERSITY PRESS, SURREY, GB, vol. 29, no.
18, 15 September 2001 (2001-09-15), pages 3757-3774, XP002230176, ISSN: 0305-1048, DOI:
DOI:10.1093/NAR/29.18.3757

LUCAS PATRICK ET AL: "Rapid evolution of the DNA-binding site in LAGLIDADG homing endonucleases"”,
NUCLEIC ACIDS RESEARCH, OXFORD UNIVERSITY PRESS, SURREY, GB, vol. 29, no. 4, 15 February 2001
(2001-02-15), pages 960-969, XP002516751, ISSN: 0305-1048, DOI: DOI:10.1093/NAR/29.4.960

JURICA M S ET AL: "DNA RECOGNITION AND CLEAVAGE BY THE LAGLIDADG HOMING ENDONUCLEASE I-

Fortsattes ...



DK/EP 2360244 T3

CREL", MOLECULAR CELL, CELL PRESS, CAMBRIDGE, MA, US, vol. 2, no. 4, 1 October 1998 (1998-10-01),
pages 469-476, XP007900721, ISSN: 1097-2765, DOI: DOI:10.1016/51097-2765(00)80146-X



10

15

20

25

30

DK/EP 2360244 T3

Description

GOVERNMENT SUPPORT

[0001] The invention was supported in part by grants 2R01-GM-0498712, 5F32-
GMO072322 and 5 DP1 OD000122 from the National Institute of General Medical
Sciences of National Institutes of Health of the United States of America. There-

fore, the U.S. government may have certain rights in the invention.

FIELD OF THE INVENTION

[0002] The invention relates to the field of molecular biology and recombinant
nucleic acid technology. In particular, the invention relates to rationally-desig-
ned, non-naturally-occurring meganucleases with altered DNA recognition se-
gquence specificity and/or altered affinity. The invention also relates to methods
of producing such meganucleases, and methods of producing recombinant nu-

cleic acids and organisms using such meganucleases.

BACKGROUND OF THE INVENTION

[0003] Genome engineering requires the ability to insert, delete, substitute and
otherwise manipulate specific genetic sequences within a genome, and has
numerous therapeutic and biotechnological applications. The development of
effective means for genome modification remains a major goal in gene therapy,
agrotechnology, and synthetic biology (Porteus et al. (2005), Nat. Biotechnol.
23: 967-73; Tzfira et al. (2005), Trends Biotechnol. 23: 567-9; McDaniel et al.
(2005), Curr. Opin. Biotechnol. 16: 476-83). A common method for inserting or
modifying a DNA sequence involves introducing a transgenic DNA sequence
flanked by sequences homologous to the genomic target and selecting or
screening for a successful homologous recombination event. Recombination
with the transgenic DNA occurs rarely but can be stimulated by a double-stran-
ded break in the genomic DNA at the target site. Numerous methods have been
employed to create DNA double-stranded breaks, including irradiation and che-

mical treatments. Although these methods efficiently stimulate recombination,
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the double-stranded breaks are randomly dispersed in the genome, which can
be highly mutagenic and toxic. At present, the inability to target gene modifica-
tions to unique sites within a chromosomal background is a major impediment

to successful genome engineering.

[0004] One approach to achieving this goal is stimulating homologous recombi-
nation at a double-stranded break in a target locus using a nuclease with speci-
ficity for a sequence that is sufficiently large to be present at only a single site
within the genome (see, e.g., Porteus et al. (2005), Nat. Biotechnol. 23: 967-
73). The effectiveness of this strategy has been demonstrated in a variety of or-
ganisms using chimeric fusions between an engineered zinc finger DNA-binding
domain and the non-specific nuclease domain of the Fokl restriction enzyme
(Porteus (2006), Mol Ther 13: 438-46; Wright et al. (2005), Plant J. 44: 693-705;
Urnov et al. (2005), Nature 435: 646-51). Although these artificial zinc finger nu-
cleases stimulate site-specific recombination, they retain residual non-specific
cleavage activity resulting from under-regulation of the nuclease domain and
frequently cleave at unintended sites (Smith et al. (2000), Nucleic Acids Res.
28: 3361-9). Such unintended cleavage can cause mutations and toxicity in the
treated organism (Porteus et al. (2005), Nat. Biotechnol. 23: 967-73).

[0005] A group of naturally-occurring nucleases which recognize 15-40 base-
pair cleavage sites commonly found in the genomes of plants and fungi may
provide a less toxic genome engineering alternative. Such "meganucleases” or
"homing endonucleases" are frequently associated with parasitic DNA ele-
ments, such as group 1 self-splicing introns and inteins. They naturally promote
homologous recombination or gene insertion at specific locations in the host ge-
nome by producing a double-stranded break in the chromosome, which recruits
the cellular DNA-repair machinery (Stoddard (2006), Q. Rev. Biophys. 38: 49-
95). Meganucleases are commonly grouped into four families: the LAGLIDADG
family, the GIY-YIG family, the His-Cys box family and the HNH family. These
families are characterized by structural motifs, which affect catalytic activity and
recognition sequence. For instance, members of the LAGLIDADG family are

characterized by having either one or two copies of the conserved LAGLIDADG
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motif (see Chevalier et al. (2001), Nucleic Acids Res. 29(18): 3757-3774). The
LAGLIDADG meganucleases with a single copy of the LAGLIDADG motif form
homodimers, whereas members with two copies of the LAGLIDADG motif are
found as monomers. Similarly, the GIY-YIG family members have a GIY-YIG
module, which is 70-100 residues long and includes four or five conserved se-
quence motifs with four invariant residues, two of which are required for activity
(see Van Roey et al. (2002), Nature Struct. Biol. 9: 806-811). The His-Cys box
meganucleases are characterized by a highly conserved series of histidines and
cysteines over a region encompassing several hundred amino acid residues
(see Chevalier et al. (2001), Nucleic Acids Res. 29(18): 3757-3774). In the case
of the NHN family, the members are defined by motifs containing two pairs of
conserved histidines surrounded by asparagine residues (see Chevalier et al.
(2001), Nucleic Acids Res. 29(18): 3757-3774). The four families of meganu-
cleases are widely separated from one another with respect to conserved struc-
tural elements and, consequently, DNA recognition sequence specificity and

catalytic activity.

[0006] Natural meganucleases, primarily from the LAGLIDADG family, have
been used to effectively promote site-specific genome modification in plants,
yeast, Drosophila, mammalian cells and mice, but this approach has been limi-
ted to the modification of either homologous genes that conserve the meganu-
clease recognition sequence (Monnat et al. (1999), Biochem. Biophys. Res.
Commun. 255: 88-93) or to pre-engineered genomes into which a recognition
sequence has been introduced (Rouet et al. (1994), Mol. Cell. Biol. 14: 8096-
106; Chilton et al. (2003), Plant Physiol. 133: 956-65; Puchta et al. (1996), Proc.
Natl. Acad. Sci. USA 93: 5055-60; Rong et al. (2002), Genes Dev. 16: 1568-81;
Gouble et al. (2006), J. Gene Med. 8(5):616-622).

[0007] Systematic implementation of nuclease-stimulated gene modification re-
quires the use of engineered enzymes with customized specificities to target
DNA breaks to existing sites in a genome and, therefore, there has been great
interest in adapting meganucleases to promote gene modifications at medically

or biotechnologically relevant sites (Porteus et al. (2005), Nat. Biotechnol. 23:
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967-73; Sussman et al. (2004), J. Mol. Biol. 342: 31-41; Epinat et al. (2003),
Nucleic Acids Res. 31: 2952-62).

[0008] The meganuclease I-Crel from Chlamydomonas reinhardtii is a member
of the LAGLIDADG family which recognizes and cuts a 22 base-pair recognition
sequence in the chloroplast chromosome, and which presents an attractive tar-
get for meganuclease redesign. The wild-type enzyme is a homodimer in which
each monomer makes direct contacts with 9 base pairs in the full-length recog-
nition sequence. Genetic selection techniques have been used to identify muta-
tions in I-Crel that alter base preference at a single position in this recognition
sequence (Sussman et al. (2004), J. Mol. Biol. 342: 31-41; Chames et al.
(2005), Nucleic Acids Res. 33: e178; Seligman et al. (2002), Nucleic Acids Res.
30: 3870-9) or, more recently, at three positions in the recognition sequence
(Arnould et al. (2006), J. Mol. Biol. 355: 443-58). The |-Crel protein-DNA inter-
face contains nine amino acids that contact the DNA bases directly and at least
an additional five positions that can form potential contacts in modified interfa-
ces. The size of this interface imposes a combinatorial complexity that is unlike-
ly to be sampled adequately in sequence libraries constructed to select for en-
zymes with drastically altered cleavage sites. WO 2004/067753 A2 describes
the use of custom-made meganucleases for inducing homologous recombina-
tion ex vivo and in toto in somatic vertebrate tissues.

A sequence of the |-Msol meganuclease is disclosed in Chevalier B et al.
(2003), Journal of Molecular Biology 329:253-269.

[0009] There remains a need for nucleases that will facilitate precise modifica-
tion of a genome. In addition, there remains a need for techniques for genera-
ting nucleases with pre-determined, rationally-designed recognition sequences
that will allow manipulation of genetic sequences at specific genetic loci and for
techniques utilizing such nucleases to genetically engineer organisms with pre-

cise sequence modifications.

SUMMARY OF THE INVENTION
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[0010] The present invention can be defined by the appendent claims. The pre-
sent invention is based, in part, upon the identification and characterization of
specific amino acid residues in the LAGLIDADG family of meganucleases that
make contacts with DNA bases and the DNA backbone when the meganuclea-
ses associate with a double-stranded DNA recognition sequence, and thereby
affect the specificity and activity of the enzymes. This discovery has been used,
as described in detail below, to identify amino acid substitutions which can alter
the recognition sequence specificity and/or DNA-binding affinity of the meganu-
cleases, and to rationally design and develop meganucleases that can recogni-
ze a desired DNA sequence that naturally-occurring meganucleases do not re-
cognize. The invention also provides methods that use such meganucleases to
produce recombinant nucleic acids and organisms by utilizing the meganuclea-
ses to cause recombination of a desired genetic sequence at a limited number
of loci within the genome of the organism, for gene therapy, for treatment of

pathogenic infections, and for in vitro applications in diagnostics and research.

[0011] Disclosed are recombinant meganucleases having altered specificity for
at least one recognition sequence half-site relative to a wild-type I-Msol mega-
nuclease, in which the meganuclease includes a polypeptide having at least
85% sequence similarity to residues 6-160 of the I-Msol meganuclease of SEQ
ID NO: 6, but in which the recombinant meganuclease has specificity for a
recognition sequence half-site which differs by at least one base pair from a
half-site within an |-Msol meganuclease recognition sequence selected from
SEQ ID NO: 7 and SEQ ID NO: 8, and in which the recombinant meganuclease
includes at least one modification listed in Table 2 which is not an excluded

modification found in the prior art.

[0012] The meganucleases can include one, two, three or more of the modifica-
tions which have been disclosed herein in order to affect the sequence specifici-
ty of the recombinant meganucleases at one, two, three or more positions within
the recognition sequence. The meganucleases can include only the novel modi-
fications disclosed herein, or can include the novel modifications disclosed

herein in combination with modifications found in the prior art. Specifically exclu-
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ded, however, are recombinant meganucleases comprising only the modifica-

tions of the prior art.

[0013] In another aspect, disclosed are recombinant meganucleases with alte-
red binding affinity for double-stranded DNA which is not sequence-specific.
This is accomplished by modifications of the meganuclease residues which
make contacts with the backbone of the double-stranded DNA recognition se-
quence. The modifications can increase or decrease the binding affinity and,
consequently, can increase or decrease the overall activity of the enzyme.
Moreover, increases/decreases in binding and activity have been found to cau-
ses decreases/increases in sequence specificity. Thus, disclosed are means for

altering sequence specificity generally by altering DNA-binding affinity.

[0014] Disclosed are recombinant meganucleases having altered binding affini-
ty for double-stranded DNA relative to a wild-type |-Msol meganuclease, in
which the meganuclease includes a polypeptide having at least 85% sequence
similarity to residues 6-160 of the I-Msol meganuclease of SEQ ID NO: 6, and
in which the DNA-binding affinity has been either (1) increased by at least one
modification corresponding to a substitution selected from(a) substitution of
E147, 185, G86 or Y118 with H, N, Q, S, T, K or R, or (b) substitution of Q41,
N70, S87, T88, H89, Q122, Q139, S150 or N152 with K or R; or, conversely, (2)
decreased by at least one modification corresponding to a substitution selected
from (a) substitution of K36, R51, K123, K143 or R144 with H, N, Q, S, T, D or
E, or (b) substitution of 185, G86, Y118, Q41, N70, S87, T88, H89, Q122,
Q139, S150 or N152 with D or E.

[0015] The meganucleases can include one, two, three or more of the modifica-
tions of backbone contact residues which have been disclosed herein in order
to affect DNA-binding affinity. In addition, these modifications affecting DNA-bin-
ding affinity can be combined with one or more of the novel modifications of the
base contact residues described above which alter the sequence specificity of
the recombinant meganucleases at specific positions within the recognition se-

quence, or with the prior art modifications described above, or with a combina-
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tion of the novel modifications and prior art modifications. In particular, by com-
bining backbone contact modifications and base contact modifications, recom-
binant meganucleases can be rationally-designed with desired specificity and
activity. For example, increases in DNA-binding affinity can be designed which
may offset losses in affinity resulting from designed changes to base contact
residues, or decreases in affinity can be designed which may also decrease se-

quence specificity and broaden the set of recognition sequences for an enzyme.

[0016] Disclosed are rationally-designed meganuclease monomers with altered
affinity for homo- or heterodimer formation. The affinity for dimer formation can
be measured with the same monomer (i.e., homodimer formation) or with a dif-
ferent monomer (i.e., heterodimer formation) such as a reference wild-type me-
ganuclease. These recombinant meganucleases have modifications to the ami-
no acid residues which are present at the protein-protein interface between mo-
nomers in a meganuclease dimer. The modifications can be used to promote
heterodimer formation and create meganucleases with non-palindromic recogni-

tion sequences.

[0017] Disclosed are recombinant meganuclease monomers having altered af-
finity for dimer formation with a reference meganuclease monomer, in which the
recombinant monomer includes a polypeptide having at least 85% sequence
similarity to residues 6-160 of the I-Msol meganuclease of SEQ ID NO: 6, but in
which affinity for dimer formation has been altered by at least one modification
corresponding to a substitution selected from (a) substitution of R302 with D or
E, or (b) substitution of D20, E11 or Q64 with K or R. Based upon such recom-
binant monomers, the invention also provides recombinant meganuclease hete-
rodimers including (1) a first polypeptide having at least 85% sequence similari-
ty to residues 6-160 of the I-Msol meganuclease of SEQ ID NO: 6, but in which
affinity for dimer formation has been altered by at least one modification corre-
sponding to a substitution selected from (a) substitution of R302 with D or E,
and (2) a second polypeptide having at least 85% sequence similarity to resi-
dues 6-160 of the I-Msol meganuclease of SEQ ID NO: 6, but in which affinity
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for dimer formation has been altered by at least one modification corresponding
to a substitution selected from (b) substitution of D20, E11 or Q64 with K or R.

[0018] The recombinant meganuclease monomers or heterodimers with altered
affinity for dimer formation can also include one, two, three or more of the modi-
fications of base contact residues described above; one, two, three or more of
the modifications of backbone contact residues described above; or combina-
tions of both. Thus, for example, the base contacts of a monomer can be modi-
fied to alter sequence specificity, the backbone contacts of a monomer can be
modified to alter DNA-binding affinity, and the protein-protein interface can be
modified to affect dimer formation. Such a recombinant monomer can be com-
bined with a similarly modified monomer to produce a rationally-designed me-

ganuclease heterodimer with desired sequence specificity and activity.

[0019] In another aspect, the invention provides for various methods of use for
the rationally-designed meganucleases described and enabled herein. These
methods include producing genetically-modified cells and organisms. Also dis-
closed are methods for treating diseases by gene therapy, treating pathogen in-
fections, and using the recombinant meganucleases for in vitro applications for

diagnostics and research.

[0020] Thus, in one aspect, the invention provides for a method for producing a
genetically-modified eukaryotic cell including an exogenous sequence inserted
in a chromosome of said eukaryotic cell; as recited in claim 1. Also disclosed
are methods for producing a genetically-modified eukaryotic cell including an
exogenous sequence of interest inserted in a chromosome, by transfecting the
cell with (i) a first nucleic acid sequence encoding a meganuclease of the inven-
tion, and (ii) a second nucleic acid sequence including said sequence of inte-
rest, wherein the meganuclease produces a cleavage site in the chromosome
and the sequence of interest is inserted into the chromosome at the cleavage

site either by homologous recombination or non-homologous end-joining.

[0021] Alternatively, in another aspect, the invention provides for a method for
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producing a genetically-modified eukaryotic cell including an exogenous se-
guence inserted in a chromosome of said eukaryotic cell, as recited in claim 2.
Also disclosed are methods for producing a genetically-modified eukaryotic cell
including an exogenous sequence of interest inserted in a chromosome, by in-
troducing a meganuclease protein of the invention into the cell, and transfecting
the cell with a nucleic acid including the sequence of interest, wherein the me-
ganuclease produces a cleavage site in the chromosome and the sequence of
interest is inserted into the chromosome at the cleavage site either by homolo-

gous recombination or non-homologous end-joining

[0022] In another aspect, the invention provides for a method for producing a
genetically-modified eukaryotic cell by disrupting a target sequence in a chro-
mosome of said eukaryotic cell, as recited in claim 3. Also disclosed are me-
thods for producing a genetically-modified eukaryotic cell by disrupting a target
sequence in a chromosome, by transfecting the cell with a nucleic acid enco-
ding a meganuclease of the invention, wherein the meganuclease produces a
cleavage site in the chromosome and the target sequence is disrupted by non-

homologous end-joining at the cleavage site.

[0023] In another aspect, the invention provides for a method of producing a
genetically-modified non-human organism, as recited in claim 4. Also disclosed
are methods of producing a genetically-modified organism by producing a ge-
netically-modified eukaryotic cell according to the methods described above,
and growing the genetically-modified eukaryotic cell to produce the genetically-
modified organism. In these embodiments, the eukaryotic cell can be selected
from a gamete, a zygote, a blastocyst cell, an embryonic stem cell, and a proto-

plast cell.

[0024] In another aspect, disclosed are methods for treating a disease by gene
therapy in a eukaryote, by transfecting at least one cell of the eukaryote with
one or more nucleic acids including (i) a first nucleic acid sequence encoding a
meganuclease of the invention, and (ii) a second nucleic acid sequence inclu-

ding a sequence of interest, wherein the meganuclease produces a cleavage
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site in the chromosome and the sequence of interest is inserted into the chro-
mosome by homologous recombination or non-homologous end-joining, and in-

sertion of the sequence of interest provides gene therapy for the disease.

[0025] Alternatively, in another aspect, disclosed are methods for treating a di-
sease by gene therapy in a eukaryote, by introducing a meganuclease protein
of the invention into at least one cell of the eukaryote, and transfecting the cell
with a nucleic acid including a sequence of interest, wherein the meganuclease
produces a cleavage site in the chromosome and the sequence of interest is in-
serted into the chromosome at the cleavage site by homologous recombination
or non-homologous end-joining, and insertion of the sequence of interest pro-

vides gene therapy for the disease.

[0026] In another aspect, disclosed are methods for treating a disease by gene
therapy in a eukaryote by disrupting a target sequence in a chromosome of the
eukaryotic, by transfecting at least one cell of the eukaryote with a nucleic acid
encoding a meganuclease of the invention, wherein the meganuclease produ-
ces a cleavage site in the chromosome and the target sequence is disrupted by
non-homologous end-joining at the cleavage site, wherein disruption of the tar-

get sequence provides the gene therapy for the disease.

[0027] In another aspect, disclosed are methods for treating a viral or prokaryo-
tic pathogen infection in a eukaryotic host by disrupting a target sequence in a
genome of the pathogen, by transfecting at least one infected cell of the host
with a nucleic acid encoding a meganuclease of the invention, wherein the me-
ganuclease produces a cleavage site in the genome and the target sequence is
disrupted by either (1) non-homologous end-joining at the cleavage site or (2)
by homologous recombination with a second nucleic acid, and wherein disrup-

tion of the target sequence provides treatment for the infection.

[0028] More generally, in another aspect, disclosed are methods for rationally-
designing recombinant meganucleases having altered specificity for at least one

base position of a recognition sequence, by (1) determining at least a portion of
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a three-dimensional structure of a reference meganuclease-DNA complex; (2)
identifying amino acid residues forming a base contact surface at the base posi-
tion; (3) determining a distance between a B-carbon of at least a first residue of
the contact surface and at least a first base at the base position; and (4) identi-
fying an amino acid substitution to promote the desired change by either (a) for
a first residue which is < 6 A from the first base, selecting a substitution from
Group 1 and/or Group 2 which is a member of an appropriate one of Group G,
Group C, Group T or Group A; or (b) for a first residue which is > 6 A from said
first base, selecting a substitution from Group 2 and/or Group 3 which is a
member of an appropriate one of Group G, Group C, Group T or Group A,
where each of the Groups is defined herein. This method may be repeated for
additional contact residues for the same base, and for contact residues for the

other base at the same position, as well as for additional positions.

[0029] In addition, in another general aspect, disclosed are methods for ratio-
nally-designing a recombinant meganuclease having increased DNA-binding af-
finity, by (1) determining at least a portion of a three-dimensional structure of a
reference meganuclease-DNA complex; (2) identifying amino acid contact resi-
dues forming a backbone contact surface; and (3) identifying an amino acid
substitution to increase the DNA-binding affinity by (a) for a contact residue ha-
ving a negatively-charged or hydrophobic side chain, selecting a substitution
having an uncharged/polar or positively-charged side chain; or (b) for a contact
residue having an uncharged/polar side chain, selecting a substitution having a
positively-charged side chain. Conversely, the invention also provides methods
for rationally-designing a recombinant meganuclease having decreased DNA-
binding affinity, by (1) determining at least a portion of a three-dimensional
structure of a reference meganuclease-DNA complex; (2) identifying amino acid
contact residues forming a backbone contact surface; (3) identifying an amino
acid substitution to decrease the DNA-binding affinity by (a) for a contact resi-
due having a positively-charged side chain, selecting a substitution having an
uncharged/polar or negatively-charged side chain; or (b) for a contact residue
having an hydrophobic or uncharged/polar side chain, selecting a substitution

having a negatively-charged side chain.



10

15

20

25

30

DK/EP 2360244 T3

12

[0030] These and other aspects and embodiments of the invention will be ap-
parent to one of ordinary skill in the art based upon the following detailed de-
scription of the invention.

BRIEF DESCRIPTION OF THE FIGURES

[0031] Figures not pertaining to the invention are for illustrative purposes only.

Figure 1(A) illustrates the interactions between the |-Crel homodimer and its
naturally-occurring double-stranded recognition sequence, based upon crystal-
lographic data. This schematic representation depicts the recognition sequence
(SEQ ID NO: 2 and SEQ ID NO: 3), shown as unwound for illustration purposes
only, bound by the homodimer, shown as two ovals. The bases of each DNA
half-site are numbered -1 through -9, and the amino acid residues of I-Crel
which form the recognition surface are indicated by one-letter amino acid desig-
nations and numbers indicating residue position. Solid black lines: hydrogen
bonds to DNA bases. Dashed lines: amino acid positions that form additional
contacts in enzyme designs but do not contact the DNA in the wild-type com-
plex. Arrows: residues that interact with the DNA backbone and influence
cleavage activity.

Figure 1(B) illustrates the wild-type contacts between the A-T base pair at posi-
tion -4 of the cleavage half-site on the right side of Figure 1(A). Specifically, the
residue Q26 is shown to interact with the A base. Residue 77 is in proximity to

the base pair but not specifically interacting.

Figure 1(C) illustrates the interactions between a rationally-designed variant of
the I-Crel meganuclease in which residue 177 has been modified to E77. As a
result of this change, a G-C base pair is preferred at position -4. The interaction
between Q26 and the G base is mediated by a water molecule, as has been
observed crystallographically for the cleavage half-site on the left side of Figure
1(A).
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Figure 1(D) illustrates the interactions between a rationally-designed variant of
the I-Crel meganuclease in which residue Q26 has been modified to E26 and
residue 177 has been modified to R77. As a result of this change, a C-G base
pair is preferred at position -4.

Figure 1(E) illustrates the interactions between a rationally-designed variant of
the I-Crel meganuclease in which residue Q26 has been modified to A26 and
residue 177 has been modified to Q77. As a result of this change, a T-A base

pair is preferred at position -4.

Figure 2(A) shows a comparison of one recognition sequence for each of the
wild type I-Crel meganuclease (WT) and 11 rationally-designed meganuclease
heterodimers of the invention. Bases that are conserved relative to the WT
recognition sequence are shaded. The 9 bp half-sites are bolded. WT: wild-type
(SEQ ID NO: 4); CF: AF508 allele of the human CFTR gene responsible for
most cases of cystic fibrosis (SEQ ID NO: 25); MYD: the human DM kinase
gene associated with myotonic dystrophy (SEQ ID NO: 27); CCR: the human
CCR5 gene (a major HIV co-receptor) (SEQ ID NO: 26); ACH: the human
FGFR3 gene correlated with achondroplasia (SEQ ID NO: 23); TAT: the HIV-1
TAT/REV gene (SEQ ID NO: 15); HSV: the HSV-1 UL36 gene (SEQ ID NO:
28); LAM: the bacteriophage A p05 gene (SEQ ID NO: 22); POX: the Variola
(smallpox) virus gp009 gene (SEQ ID NO: 30); URA: the Saccharomyces cere-
visiae URA3 gene (SEQ ID NO: 36); GLA: the Arabidopsis thaliana GL2 gene
(SEQ ID NO: 32); BRP: the Arabidopsis thaliaita BP-1 gene (SEQ ID NO: 33).

Figure 2(B) illustrates the results of incubation of each of wild-type I-Crel (WT)
and 11 rationally-designed meganuclease heterodimers with plasmids harboring
the recognition sites for all 12 enzymes for 6 hours at 37°C. Percent cleavage is

indicated in each box.

Figure 3 illustrates cleavage patterns of wild-type and rationally-designed I-Crel
homodimers. (A) wild type I-Crel. (B) I-Crel K116D. (C-L) rationally-designed
meganucleases of the invention. Enzymes were incubated with a set of plas-
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mids harboring palindromes of the intended cleavage half-site the 27 corre-
sponding single-base pair variations. Bar graphs show fractional cleavage (F) in
4 hours at 37°C. Black bars: expected cleavage patterns based on Table 1.
Gray bars: DNA sites that deviate from expected cleavage patterns. White circ-
les indicate bases in the intended recognition site. Also shown are cleavage
time-courses over two hours. The open circle time-course plots in C and L cor-
respond to cleavage by the CCR1 and BRP2 enzymes lacking the E80Q muta-
tion. The cleavage sites correspond to the 5' (left column) and 3' (right column)

half-sites for the heterodimeric enzymes described in Fig. 2(A).

DETAILED DESCRIPTION OF THE INVENTION

1.1 Introduction

[0032] The present invention is based, in part, upon the identification and cha-
racterization of specific amino acids in the LAGLIDADG family of meganuclea-
ses that make specific contacts with DNA bases and non-specific contacts with
the DNA backbone when the meganucleases associate with a double-stranded
DNA recognition sequence, and which thereby affect the recognition sequence
specificity and DNA-binding affinity of the enzymes. This discovery has been
used, as described in detail below, to identify amino acid substitutions in the
meganucleases that can alter the specificity and/or affinity of the enzymes, and
to rationally design and develop meganucleases that can recognize a desired
DNA sequence that naturally-occurring meganucleases do not recognize,
and/or that have increased or decreased specificity and/or affinity relative to the
naturally-occurring meganucleases. Furthermore, because DNA-binding affinity
affects enzyme activity as well as sequence-specificity, the invention provides
rationally-designed meganucleases with altered activity relative to naturally-oc-
curring meganucleases. In addition, the invention provides rationally-designed
meganucleases in which residues at the interface between the monomers asso-
ciated to form a dimer have been modified in order to promote heterodimer for-
mation. Finally, the invention provides uses for the rationally-designed mega-

nucleases in the production of recombinant cells and organisms, as well as in
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gene therapy, anti-pathogen, anti-cancer, and in vitro applications, as disclosed

herein.

[0033] As a general matter, disclosed are methods for generating rationally-de-
signed LAGLIDADG meganucleases containing altered amino acid residues at
sites within the meganuclease that are responsible for (1) sequence-specific
binding to individual bases in the double-stranded DNA recognition sequence,
or (2) non-sequence-specific binding to the phosphodiester backbone of a
double-stranded DNA molecule. Because enzyme activity is correlated to DNA-
binding affinity, however, altering the amino acids involved in binding to the
DNA recognition sequence can alter not only the specificity of the meganuclea-
se through specific base pair interactions, but also the activity of the mega-
nuclease by increasing or decreasing overall binding affinity for the double-
stranded DNA. Similarly, altering the amino acids involved in binding to the DNA
backbone can alter not only the activity of the enzyme, but also the degree of
specificity or degeneracy of binding to the recognition sequence by increasing

or decreasing overall binding affinity for the double-stranded DNA.

[0034] As described in detail below, the methods of rationally-designing mega-
nucleases include the identification of the amino acids responsible for DNA
recognition/binding, and the application of a series of rules for selecting appro-
priate amino acid changes. With respect to meganuclease sequence specificity,
the rules include both steric considerations relating to the distances in a mega-
nuclease-DNA complex between the amino acid side chains of the meganuclea-
se and the bases in the sense and anti-sense strands of the DNA, and conside-
rations relating to the non-covalent chemical interactions between functional
groups of the amino acid side chains and the desired DNA base at the relevant

position.

[0035] Finally, a majority of natural meganucleases that bind DNA as homodi-
mers recognize pseudo- or completely palindromic recognition sequences. Be-
cause lengthy palindromes are expected to be rare, the likelihood of encounte-

ring a palindromic sequence at a genomic site of interest is exceedingly low.



10

15

20

25

30

DK/EP 2360244 T3

16

Consequently, if these enzymes are to be redesigned to recognize genomic
sites of interest, it is necessary to design two enzyme monomers recognizing
different half-sites that can heterodimerize to cleave the non-palindromic hybrid
recognition sequence. Therefore, in some aspects, the invention provides ra-
tionally-designed meganucleases in which monomers differing by at least one
amino acid position are dimerized to form heterodimers. In some cases, both
monomers are rationally-designed to form a heterodimer which recognizes a
non-palindromic recognition sequence. A mixture of two different monomers can
result in up to three active forms of meganuclease dimer: the two homodimers
and the heterodimer. In addition or alternatively, in some cases, amino acid re-
sidues are altered at the interfaces at which monomers can interact to form di-
mers, in order to increase or decrease the likelihood of formation of homodi-

mers or heterodimers.

[0036] Thus, in one aspect, disclosed are methods for rationally designing LAG-
LIDADG meganucleases containing amino acid changes that alter the specifici-
ty and/or activity of the enzymes. In another aspect, disclosed are the rationally-
designed meganucleases resulting from these methods. In another aspect, the
invention provides methods that use such rationally-designed meganucleases
to produce recombinant nucleic acids and organisms in which a desired DNA
sequence or genetic locus within the genome of an organism is modified by the
insertion, deletion, substitution or other manipulation of DNA sequences. In an-
other aspect, disclosed are methods for reducing the survival of pathogens or
cancer cells using rationally-designed meganucleases which have pathogen-

specific or cancer-specific recognition sequences.

1.2 References and Definitions

[0037] The patent and scientific literature referred to herein establishes know-

ledge that is available to those of skill in the art.

[0038] As used herein, the term "meganuclease” refers to an endonuclease that

binds double-stranded DNA at a recognition sequence that is greater than 12
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base pairs. Naturally-occurring meganucleases can be monomeric (e.g., I-Scel)
or dimeric (e.g., I-Crel). The term meganuclease, as used herein, can be used
to refer to monomeric meganucleases, dimeric meganucleases, or to the mono-
mers which associate to form a dimeric meganuclease. The term "homing en-

donuclease" is synonymous with the term "meganuclease.”

[0039] As used herein, the term "LAGLIDADG meganuclease" refers either to
meganucleases including a single LAGLIDADG motif, which are naturally dime-
ric, or to meganucleases including two LAGLIDADG motifs, which are naturally
monomeric. The term "mono-LAGLIDADG meganuclease" is used herein to re-
fer to meganucleases including a single LAGLIDADG motif, and the term "di-
LAGLIDADG meganuclease" is used herein to refer to meganucleases inclu-
ding two LAGLIDADG motifs, when it is necessary to distinguish between the
two. Each of the two structural domains of a di-LAGLIDADG meganuclease
which includes a LAGLIDADG motif can be referred to as a LAGLIDADG sub-

unit.

[0040] As used herein, the term "rationally-designed" means non-naturally oc-
curring and/or genetically engineered. The rationally-designed meganucleases
of the invention differ from wild-type or naturally-occurring meganucleases in
their amino acid sequence or primary structure, and may also differ in their se-
condary, tertiary or quaternary structure. In addition, the rationally-designed
meganucleases of the invention also differ from wild-type or naturally-occurring

meganucleases in recognition sequence-specificity and/or activity.

[0041] As used herein, with respect to a protein, the term "recombinant” means
having an altered amino acid sequence as a result of the application of genetic
engineering techniques to nucleic acids which encode the protein, and cells or
organisms which express the protein. With respect to a nucleic acid, the term
"recombinant"” means having an altered nucleic acid sequence as a result of the
application of genetic engineering techniques. Genetic engineering techniques
include, but are not limited to, PCR and DNA cloning technologies; transfection,

transformation and other gene transfer technologies; homologous recombina-
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tion; site-directed mutagenesis; and gene fusion. In accordance with this defini-
tion, a protein having an amino acid sequence identical to a naturally-occurring
protein, but produced by cloning and expression in a heterologous host, is not

considered recombinant.

[0042] As used herein with respect to recombinant proteins, the term "modifica-
tion" means any insertion, deletion or substitution of an amino acid residue in

the recombinant sequence relative to a reference sequence (e.g., a wild-type).

[0043] As used herein, the term "genetically-modified" refers to a cell or orga-
nism in which, or in an ancestor of which, a genomic DNA sequence has been
deliberately modified by recombinant technology. As used herein, the term "ge-

netically-modified" encompasses the term "transgenic."

[0044] As used herein, the term "wild-type" refers to any naturally-occurring
form of a meganuclease. The term "wild-type" is not intended to mean the most
common allelic variant of the enzyme in nature but, rather, any allelic variant
found in nature. Wild-type meganucleases are distinguished from recombinant

or non-naturally-occurring meganucleases.

[0045] As used herein, the term "recognition sequence half-site" or simply "half
site" means a nucleic acid sequence in a double-stranded DNA molecule which
is recognized by a monomer of a mono-LAGLIDADG meganuclease or by one
LAGLIDADG subunit of a di-LAGLIDADG meganuclease.

[0046] As used herein, the term "recognition sequence" refers to a pair of half-
sites which is bound and cleaved by either a mono-LAGLIDADG meganuclease
dimer or a di-LAGLIDADG meganuclease monomer. The two half-sites may or
may not be separated by base pairs that are not specifically recognized by the
enzyme. In the cases of I-Crel, I-Msol and |-Ceul, the recognition sequence
half-site of each monomer spans 9 base pairs, and the two half-sites are sepa-
rated by four base pairs which are not recognized specifically but which consti-

tute the actual cleavage site (which has a 4 base pair overhang). Thus, the
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combined recognition sequences of the I-Crel, I-Msol and I-Ceul meganuclease
dimers normally span 22 base pairs, including two 9 base pair half-sites flanking
a 4 base pair cleavage site. The base pairs of each half-site are designated - 9
through -1, with the -9 position being most distal from the cleavage site and the
-1 position being adjacent to the 4 central base pairs, which are designated Ni-
N4. The strand of each half-site which is oriented 5' to 3' in the direction from -9
to -1 (i.e., towards the cleavage site), is designated the "sense" strand and the
opposite strand is designated the "antisense strand", although neither strand
may encode protein. Thus, the "sense" strand of one half-site is the antisense
strand of the other half-site. See, for example, Figure 1 (A). In the case of the I-
Scel meganuclease, which is a di-LAGLIDADG meganuclease monomer, the
recognition sequence is an approximately 18 bp non-palindromic sequence, and
there are no central base pairs which are not specifically recognized. By con-
vention, one of the two strands is referred to as the "sense" strand and the other

the "antisense" strand, although neither strand may encode protein.

[0047] As used herein, the term "specificity" means the ability of a meganuclea-
se to recognize and cleave double-stranded DNA molecules only at a particular
sequence of base pairs referred to as the recognition sequence, or only at a
particular set of recognition sequences. The set of recognition sequences will
share certain conserved positions or sequence motifs, but may be degenerate
at one or more positions. A highly-specific meganuclease is capable of cleaving
only one or a very few recognition sequences. Specificity can be determined in
a cleavage assay as described in Example 1. As used herein, a meganuclease
has "altered" specificity if it binds to and cleaves a recognition sequence which
is not bound to and cleaved by a reference meganuclease (e.g., a wild-type) or
if the rate of cleavage of a recognition sequence is increased or decreased by a

statistically significant (p < 0.05) amount relative to a reference meganuclease.

[0048] As used herein, the term "degeneracy" means the opposite of "specifici-
ty." A highly-degenerate meganuclease is capable of cleaving a large number of
divergent recognition sequences. A meganuclease can have sequence degene-

racy at a single position within a half-site or at multiple, even all, positions within



10

15

20

25

30

DK/EP 2360244 T3

20

a half-site. Such sequence degeneracy can result from (i) the inability of any
amino acid in the DNA-binding domain of a meganuclease to make a specific
contact with any base at one or more positions in the recognition sequence, (ii)
the ability of one or more amino acids in the DNA-binding domain of a mega-
nuclease to make specific contacts with more than one base at one or more po-
sitions in the recognition sequence, and/or (iii) sufficient non-specific DNA bin-
ding affinity for activity. A "completely" degenerate position can be occupied by
any of the four bases and can be designated with an "N" in a half-site. A "par-
tially" degenerate position can be occupied by two or three of the four bases

(e.g., either purine (Pu), either pyrimidine (Py), or not G).

[0049] As used herein with respect to meganucleases, the term "DNA-binding
affinity” or "binding affinity" means the tendency of a meganuclease to non-co-
valently associate with a reference DNA molecule (e.g., a recognition sequence
or an arbitrary sequence). Binding affinity is measured by a dissociation con-
stant, Kp (e.g., the Kp of I-Crel for the WT recognition sequence is approximate-
ly 0.1 nM). As used herein, a meganuclease has "altered" binding affinity if the
Kp of the recombinant meganuclease for a reference recognition sequence is
increased or decreased by a statistically significant (p < 0.05) amount relative to

a reference meganuclease.

[0050] As used herein with respect to meganuclease monomers, the term "affi-
nity for dimer formation" means the tendency of a meganuclease monomer to
non-covalently associate with a reference meganuclease monomer. The affinity
for dimer formation can be measured with the same monomer (i.e., homodimer
formation) or with a different monomer (i.e., heterodimer formation) such as a
reference wild-type meganuclease. Binding affinity is measured by a dissocia-
tion constant, Kp. As used herein, a meganuclease has "altered" affinity for di-
mer formation if the Kp of the recombinant meganuclease monomer for a refe-
rence meganuclease monomer is increased or decreased by a statistically sig-

nificant (p < 0.05) amount relative to a reference meganuclease monomer.

[0051] As used herein, the term "palindromic” refers to a recognition sequence
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consisting of inverted repeats of identical half-sites. In this case, however, the
palindromic sequence need not be palindromic with respect to the four central
base pairs, which are not contacted by the enzyme. In the case of dimeric me-
ganucleases, palindromic DNA sequences are recognized by homodimers in

which the two monomers make contacts with identical half-sites.

[0052] As used herein, the term "pseudo-palindromic” refers to a recognition
sequence consisting of inverted repeats of non-identical or imperfectly palindro-
mic half-sites. In this case, the pseudo-palindromic sequence not only need not
be palindromic with respect to the four central base pairs, but also can deviate
from a palindromic sequence between the two half-sites. Pseudo-palindromic
DNA sequences are typical of the natural DNA sites recognized by wild-type
homodimeric meganucleases in which two identical enzyme monomers make

contacts with different half-sites.

[0053] As used herein, the term "non-palindromic" refers to a recognition se-
quence composed of two unrelated half-sites of a meganuclease. In this case,
the non-palindromic sequence need not be palindromic with respect to either
the four central base pairs or the two monomer half-sites. Non-palindromic DNA
sequences are recognized by either di-LAGLIDADG meganucleases, highly de-
generate mono-LAGLIDADG meganucleases (e.g., I-Ceul) or by heterodimers
of mono-LAGLIDADG meganuclease monomers that recognize non-identical

half-sites.

[0054] As used herein, the term "activity" refers to the rate at which a mega-
nuclease of the invention cleaves a particular recognition sequence. Such ac-
tivity is a measurable enzymatic reaction, involving the hydrolysis of phos-
phodiester bonds of double-stranded DNA. The activity of a meganuclease ac-
ting on a particular DNA substrate is affected by the affinity or avidity of the me-
ganuclease for that particular DNA substrate which is, in turn, affected by both

sequence-specific and non-sequence-specific interactions with the DNA.

[0055] As used herein, the term "homologous recombination” refers to the natu-
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ral, cellular process in which a double-stranded DNA-break is repaired using a
homologous DNA sequence as the repair template (see, e.g. Cahill et al.
(2006), Front. Biosci. 11:1958-1976). The homologous DNA sequence may be
an endogenous chromosomal sequence or an exogenous nucleic acid that was
delivered to the cell. Thus, in some embodiments, a rationally-designed mega-
nuclease is used to cleave a recognition sequence within a target sequence and
an exogenous nucleic acid with homology to or substantial sequence similarity
with the target sequence is delivered into the cell and used as a template for re-
pair by homologous recombination. The DNA sequence of the exogenous nu-
cleic acid, which may differ significantly from the target sequence, is thereby in-
corporated into the chromosomal sequence. The process of homologous re-
combination occurs primarily in eukaryotic organisms. The term "homology" is
used herein as equivalent to "sequence similarity" and is not intended to require

identity by descent or phylogenetic relatedness.

[0056] As used herein, the term "non-homologous end-joining" refers to the
natural, cellular process in which a double-stranded DNA-break is repaired by
the direct joining of two non-homologous DNA segments (see, e.g. Canhill et al.
(2006), Front. Biosci. 11:1958-1976). DNA repair by non-homologous end-
joining is error-prone and frequently results in the untemplated addition or dele-
tion of DNA sequences at the site of repair. Thus, in certain embodiments, a ra-
tionally-designed meganuclease can be used to produce a double-stranded
break at a meganuclease recognition sequence within a target sequence to dis-
rupt a gene (e.g., by introducing base insertions, base deletions, or frameshift
mutations) by non-homologous end-joining. In other embodiments, an exoge-
nous nucleic acid lacking homology to or substantial sequence similarity with
the target sequence may be captured at the site of a meganuclease-stimulated
double-stranded DNA break by non-homologous end-joining (see, e.g. Salo-
mon, et al. (1998), EMBO J. 17:6086-6095). The process of non-homologous

end-joining occurs in both eukaryotes and prokaryotes such as bacteria.

[0057] As used herein, the term "sequence of interest" means any nucleic acid

sequence, whether it codes for a protein, RNA, or regulatory element (e.g., an
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enhancer, silencer, or promoter sequence), that can be inserted into a genome
or used to replace a genomic DNA sequence using a meganuclease protein.
Sequences of interest can have heterologous DNA sequences that allow for
tagging a protein or RNA that is expressed from the sequence of interest. For
instance, a protein can be tagged with tags including, but not limited to, an
epitope (e.g., c-myc, FLAG) or other ligand (e.g., poly-His). Furthermore, a se-
quence of interest can encode a fusion protein, according to techniques known
in the art (see, e.g., Ausubel et al., Current Protocols in Molecular Biology,
Wiley 1999). In some embodiments, the sequence of interest is flanked by a
DNA sequence that is recognized by the recombinant meganuclease for cleava-
ge. Thus, the flanking sequences are cleaved allowing for proper insertion of
the sequence of interest into genomic recognition sequences cleaved by the re-
combinant meganuclease. In some embodiments, the entire sequence of inte-
rest is homologous to or has substantial sequence similarity with the a target
sequence in the genome such that homologous recombination effectively re-
places the target sequence with the sequence of interest. In other embodi-
ments, the sequence of interest is flanked by DNA sequences with homology to
or substantial sequence similarity with the target sequence such that homolo-
gous recombination inserts the sequence of interest within the genome at the
locus of the target sequence. In some embodiments, the sequence of interest is
substantially identical to the target sequence except for mutations or other mo-
difications in the meganuclease recognition sequence such that the meganu-
clease can not cleave the target sequence after it has been modified by the se-

quence of interest.

[0058] As used herein with respect to both amino acid sequences and nucleic
acid sequences, the terms "percentage similarity" and "sequence similarity” re-
fer to a measure of the degree of similarity of two sequences based upon an
alignment of the sequences which maximizes similarity between aligned amino
acid residues or nucleotides, and which is a function of the number of identical
or similar residues or nucleotides, the number of total residues or nucleotides,
and the presence and length of gaps in the sequence alignment. A variety of al-

gorithms and computer programs are available for determining sequence simi-
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larity using standard parameters. As used herein, sequence similarity is measu-
red using the BLASTp program for amino acid sequences and the BLASTn pro-
gram for nucleic acid sequences, both of which are available through the Na-
tional Center for Biotechnology Information (www.ncbi:nim.nih.gov/), and are
described in, for example, Altschul et al. (1990), J. Mol. Biol. 215:403 -410; Gish
and States (1993), Nature Genet. 3:266-272; Madden et al. (1996), Meth. En-
zymol. 266:131-141; Altschul et al. (1997), Nucleic Acids Res. 25:33 89-3402);
Zhang et al. (2000), J. Comput. Biol. 7(1-2):203-14.. As used herein, percent
similarity of two amino acid sequences is the score based upon the following
parameters for the BLASTp algorithm: word size = 3; gap opening penalty =
-11; gap extension penalty = -1; and scoring matrix = BLOSUMG62. As used
herein, percent similarity of two nucleic acid sequences is the score based upon
the following parameters for the BLASTn algorithm: word size = 11; gap ope-
ning penalty = -5; gap extension penalty = -2; match reward = 1; and mismatch
penalty = -3.

[0059] As used herein with respect to modifications of two proteins or amino
acid sequences, the term "corresponding to" is used to indicate that a specified
modification in the first protein is a substitution of the same amino acid residue
as in the modification in the second protein, and that the amino acid position of
the modification in the first proteins corresponds to or aligns with the amino acid
position of the modification in the second protein when the two proteins are sub-
jected to standard sequence alignments (e.g., using the BLASTp program).
Thus, the modification of residue "X" to amino acid "A" in the first protein will
correspond to the modification of residue "Y" to amino acid "A" in the second
protein if residues X and Y correspond to each other in a sequence alignment,
and despite the fact that X and Y may be different numbers.

[0060] As used herein, the recitation of a numerical range for a variable is in-
tended to convey that the invention may be practiced with the variable equal to
any of the values within that range. Thus, for a variable which is inherently dis-
crete, the variable can be equal to any integer value within the numerical range,

including the end-points of the range. Similarly, for a variable which is inherently
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continuous, the variable can be equal to any real value within the numerical
range, including the end-points of the range. As an example, and without limita-
tion, a variable which is described as having values between 0 and 2 can take
the values 0, 1 or 2 if the variable is inherently discrete, and can take the values
0.0, 0.1, 0.01, 0.001, or any other real values = 0 and < 2 if the variable is in-

herently continuous.

[0061] As used herein, unless specifically indicated otherwise, the word "or" is
used in the inclusive sense of "and/or" and not the exclusive sense of "either/-

or.

2.1 Rationally-Designed Meganucleases with Altered Sequence-Specificity

[0062] Disclosed are methods for rationally designing recombinant LAGLIDADG
family meganucleases. In this aspect, recombinant meganucleases are rational-
ly-designed by first predicting amino acid substitutions that can alter base prefe-
rence at each position in the half-site. These substitutions can be experimental-
ly validated individually or in combinations to produce meganucleases with the

desired cleavage specificity.

[0063] Amino acid substitutions that can cause.a desired change in base prefe-
rence are predicted by determining the amino acid side chains of a reference
meganuclease (e.g., a wild-type meganuclease, or a non-naturally-occurring
reference meganuclease) that are able to participate in making contacts with
the nucleic acid bases of the meganuclease's DNA recognition sequence and
the DNA phosphodiester backbone, and the spatial and chemical nature of tho-
se contacts. These amino acids include but are not limited to side chains in-
volved in contacting the reference DNA half-site. Generally, this determination
requires having knowledge of the structure of the complex between the mega-
nuclease and its double-stranded DNA recognition sequence, or knowledge of
the structure of a highly similar complex (e.g., between the same meganuclease
and an alternative DNA recognition sequence, or between an allelic or phyloge-

netic variant of the meganuclease and its DNA recognition sequence).
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[0064] Three-dimensional structures, as described by atomic coordinates data,
of a polypeptide or complex of two or more polypeptides can be obtained in
several ways. For example, protein structure determinations can be made using
techniques including, but not limited to, X-ray crystallography, NMR, and mass
spectrometry. Another approach is to analyze databases of existing structural
co-ordinates for the meganuclease of interest or a related meganuclease. Such
structural data is often available from databases in the form of three-dimen-
sional coordinates. Often this data is accessible through online databases (e.g.,
the RCSB Protein Data Bank at www.rcsb.org/pdb).

[0065] Structural information can be obtained experimentally by analyzing the
diffraction patterns of, for example, X-rays or electrons, created by regular two-
or three-dimensional arrays (e.g., crystals) of proteins or protein complexes.
Computational methods are used to transform the diffraction data into three-
dimensional atomic co-ordinates in space. For example, the field of X-ray cry-
stallography has been used to generate three-dimensional structural information
on many protein-DNA complexes, including meganucleases (see, e.g., Cheva-
lier et al. (2001), Nucleic Acids Res. 29(18): 3757-3774).

[0066] Nuclear Magnetic Resonance (NMR) also has been used to determine
inter-atomic distances of molecules in solution. Multi-dimensional NMR methods
combined with computational methods have succeeded in determining the
atomic co-ordinates of polypeptides of increasing size (see, e.g., Tzakos et al.
(2006), Annu. Rev. Biophys. Biomol. Struct. 35:19-42.).

[0067] Alternatively, computational modeling can be used by applying algo-
rithms based on the known primary structures and, when available, secondary,
tertiary and/or quaternary structures of the protein/DNA, as well as the known
physiochemical nature of the amino acid side chains, nucleic acid bases, and
bond interactions. Such methods can optionally include iterative approaches, or
experimentally-derived constraints. An example of such computational software
is the CNS program described in Adams et al. (1999), Acta Crystallogr. D. Biol.
Crystallogr. 55 (Pt 1): 181-90. A variety of other computational programs have
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been developed that predict the spatial arrangement of amino acids in a protein
structure and predict the interaction of the amino acid side chains of the protein
with various target molecules (see, e.g., U.S. Pat. No. 6,988,041).

[0068] Thus, in some embodiments, computational models are used to identify
specific amino acid residues that specifically interact with DNA nucleic acid ba-
ses and/or facilitate non-specific phosphodiester backbone interactions. For in-
stance, computer models of the totality of the potential meganuclease-DNA in-
teraction can be produced using a suitable software program, including, but not
limited to, MOLSCRIPT™ 2.0 (Avatar Software AB, Stockholm, Sweden), the
graphical display program O (Jones et. al. (1991), Acta Crystallography, A47:
110), the graphical display program GRASP™ (Nicholls et al. (1991), PRO-
TEINS, Structure, Function and Genetics 11(4): 281ff), or the graphical display
program INSIGHT™ (TSI, Inc., Shoreview, MN). Computer hardware suitable
for producing, viewing and manipulating three-dimensional structural represen-
tations of protein-DNA complexes are commercially available and well known in
the art (e.g., Silicon Graphics Workstation, Silicon Graphics, Inc., Mountainview,
CA).

[0069] Specifically, interactions between a meganuclease and its double-stran-
ded DNA recognition sequences can be resolved using methods known in the
art. For example, a representation, or model, of the three dimensional structure
of a multicomponent complex structure, for which a crystal has been produced,
can be determined using techniques which include molecular replacement or
SIR/MIR (single/multiple isomorphous replacement) (see, e.g., Brunger (1997),
Meth. Enzym. 276: 558-580; Navaza and Saludjian (1997), Meth. Enzym. 276:
581-594; Tong and Rossmann (1997), Meth. Enzym. 276: 594-611; and Bentley
(1997), Meth. Enzym. 276: 611-619) and can be performed using a software
program, such as AMoRe/Mosflm (Navaza (1994), Acta Cryst. A50: 157-163;
CCP4 (1994), Acta Cryst. D50: 760-763) or XPLOR (see, Bringer et al. (1992),
X-PLOR Version 3.1. A System for X-ray Crystallography and NMR, Yale Uni-

versity Press, New Haven, CT).
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[0070] The determination of protein structure and potential meganuclease-DNA
interaction allows for rational choices concerning the amino acids that can be
changed to affect enzyme activity and specificity. Decisions are based on seve-
ral factors regarding amino acid side chain interactions with a particular base or
DNA phosphodiester backbone. Chemical interactions used to determine ap-
propriate amino acid substitutions include, but are not limited to, van der Waals
forces, steric hindrance, ionic bonding, hydrogen bonding, and hydrophobic in-
teractions. Amino acid substitutions can be selected which either favor or disfa-
vor specific interactions of the meganuclease with a particular base in a poten-
tial recognition sequence half-site in order to increase or decrease specificity for
that sequence and, to some degree, overall binding affinity and activity. In addi-
tion, amino acid substitutions can be selected which either increase or decrease
binding affinity for the phosphodiester backbone of double-stranded DNA in or-
der to increase or decrease overall activity and, to some degree, to decrease or

increase specificity.

[0071] Thus, in specific embodiments, a three-dimensional structure of a mega-
nuclease-DNA complex is determined and a "contact surface" is defined for
each base-pair in a DNA recognition sequence half-site. In some embodiments,
the contact surface comprises those amino acids in the enzyme with B-carbon
less than 9.0 A from a major groove hydrogen-bond donor or acceptor on either
base in the pair, and with side chains oriented toward the DNA, irrespective of
whether the residues make base contacts in the wild-type meganuclease-DNA
complex. In other embodiments, residues can be excluded if the residues do not
make contact in the wild-type meganuclease-DNA complex, or residues can be
included or excluded at the discretion of the designer to alter the number or
identity of the residues considered. In one example, as described below, for
base positions -2, -7, -8, and -9 of the wild-type I-Crel half-site, the contact sur-
faces were limited to the amino acid positions that actually interact in the wild-
type enzyme-DNA complex. For positions -1, -3, -4, -5, and -6, however, the
contact surfaces were defined to contain additional amino acid positions that
are not involved in wild-type contacts but which could potentially contact a base

if substituted with a different amino acid.
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[0072] It should be noted that, although a recognition sequence half-site is typi-
cally represented with respect to only one strand of DNA, meganucleases bind
in the major groove of double-stranded DNA, and make contact with nucleic
acid bases on both strands. In addition, the designations of "sense" and "anti-
sense" strands are completely arbitrary with respect to meganuclease binding
and recognition. Sequence specificity at a position can be achieved either
through interactions with one member of a base pair, or by a combination of in-
teractions with both members of a base-pair. Thus, for example, in order to fa-
vor the presence of an A/T base pair at position X, where the A base is on the
"sense" strand and the T base is on the "antisense" strand, residues are selec-
ted which are sufficiently close to contact the sense strand at position X and
which favor the presence of an A, and/or residues are selected which are suffi-
ciently close to contact the antisense strand at position X and which favor the
presence of a T. A residue is considered sufficiently close if the B-carboy of the

residue is within 9A of the closest atom of the relevant base.

[0073] Thus, for example, an amino acid with a B-carbon within 9A of the DNA
sense strand but greater than 9A from the antisense strand is considered for
potential interactions with only the sense strand. Similarly, an amino acid with a
B-carbon within 9A of the DNA antisense strand but greater than 9A from the
sense strand is considered for potential interactions with only the antisense
strand. Amino acids with B-carbons that are within 9A of both DNA strands are

considered for potential interactions with either strand.

[0074] For each contact surface, potential amino acid substitutions are selected
based on their predicted ability to interact favorably with one or more of the four
DNA bases. The selection process is based upon two primary criteria: (i) the
size of the amino acid side chains, which will affect their steric interactions with
different nucleic acid bases, and (ii) the chemical nature of the amino acid side
chains, which will affect their electrostatic and bonding interactions with the dif-

ferent nucleic acid bases.

[0075] With respect to the size of side chains, amino acids with shorter and/or
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smaller side chains can be selected if an amino acid p-carbon in a contact sur-
face is <6 A from a base, and amino acids with longer and/or larger side chains
can be selected if an amino acid B-carboy in a contact surface is >6 A from a
base. Amino acids with side chains that are intermediate in size can be selected

if an amino acid B-carboy in a contact surface is 5-8 A from a base.

[0076] The amino acids with relatively shorter and smaller side chains can be
assigned to Group 1, including glycine (G), alanine (A), serine (S), threonine
(T), cysteine (C), valine (V), leucine (L), isoleucine (l), aspartate (D), asparagine
(N) and proline (P). Proline, however, is expected to be used less frequently be-
cause of its relative inflexibility. In addition, glycine is expected to be used less
frequently because it introduces unwanted flexibility in the peptide backbone
and its very small size reduces the likelihood of effective contacts when it re-
places a larger residue. On the other hand, glycine can be used in some in-
stances for promoting a degenerate position. The amino acids with side chains
of relatively intermediate length and size can be assigned to Group 2, including
lysine (K), methionine (M), arginine (R), glutamate (E) and glutamine (Q). The
amino acids with relatively longer and/or larger side chains can be assigned to
Group 3, including lysine (K), methionine (M), arginine (R), histidine (H), phe-
nylalanine (F), tyrosine (Y), and tryptophan (W). Tryptophan, however, is ex-
pected to be used less frequently because of its relative inflexibility. In addition,
the side chain flexibility of lysine, arginine, and methionine allow these amino
acids to make base contacts from long or intermediate distances, warranting

their inclusion in both Groups 2 and 3. These groups are also shown in tabular

form below:

Group1Group2 .................................................... Group3 .............................................................
egc|ne(G) ............................................. qutamme(Q) ...................................... arg|n|ne(R)
alanine (A)  glutamate (B) histidine (H)
?serine (S) élysine (K) éphenylalanine (F)

?threonine (M émethionine (M) étyrosine (Y)
cysteme(C)argmme(R)tryptophan(W) ..............................................

valine (V) lysine (K)
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?isoleucine )

?aspartate (D)

[0077] With respect to the chemical nature of the side chains, the different ami-
no acids are evaluated for their potential interactions with the different nucleic
acid bases (e.g., van der Waals forces, ionic bonding, hydrogen bonding, and
hydrophobic interactions) and residues are selected which either favor or disfa-
vor specific interactions of the meganuclease with a particular base at a particu-
lar position in the double-stranded DNA recognition sequence half-site. In some
instances, it may be desired to create a half-site with one or more complete or
partial degenerate positions. In such cases, one may choose residues which fa-
vor the presence of two or more bases, or residues which disfavor one or more
bases. For example, partial degenerate base recognition can be achieved by

sterically hindering a pyrimidine at a sense or antisense position.

[0078] Recognition of guanine (G) bases is achieved using amino acids with
basic side chains that form hydrogen bonds to N7 and 06 of the base. Cytosine
(C) specificity is conferred by negatively-charged side chains which interact un-
favorably with the major groove electronegative groups present on all bases ex-
cept C. Thymine (T) recognition is rationally-designed using hydrophobic and
van der Waals interactions between hydrophobic side chains and the major
groove methyl group on the base. Finally, adenine (A) bases are recognized
using the carboxamide side chains Asn and GIn or the hydroxyl side chain of
Tyr through a pair of hydrogen bonds to N7 and N6 of the base. Lastly, His can
be used to confer specificity for a purine base (A or G) by donating a hydrogen
bond to N7. These straightforward rules for DNA recognition can be applied to
predict contact surfaces in which one or both of the bases at a particular base-

pair position are recognized through a rationally-designed contact.
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[0079] Thus, based on their binding interactions with the different nucleic acid
bases, and the bases which they favor at a position with which they make con-
tact, each amino acid residue can be assigned to one or more different groups
corresponding to the different bases they favor (i.e., G, C, T or A). Thus, Group
G includes arginine (R), lysine (K) and histidine (H); Group C includes aspartate
(D) and glutamate (E); Group T includes alanine (A), valine (V), leucine (L), iso-
leucine (), cysteine (C), threonine (T), methionine (M) and phenylalanine (F);
and Group A includes asparagine (N), glutamine (N), tyrosine (Y) and histidine
(H). Note that histidine appears in both Group G and Group A; that serine (S) is
not included in any group but may be used to favor a degenerate position; and
that proline, glycine, and tryptophan are not included in any particular group be-
cause of predominant steric considerations. These groups are also shown in

tabular form below:

R R R R B B R g R 4 R R R R

Group G Group C Group T Group A

garginine (R) gaspartate (D) galanine @A éasparagine (N)

%lysine (K) gglutamate (E) ﬁvaline V) gglutamine (Q)
hlstldlne(H)Ieucme(L) ......................................... tyrosme(Y) ..............................
|so|eucme(|)h|st|d|ne(H) .............................

(cysteine (C)

§threonine (M
§methionine (M)

%phenylalanine (F)

[0080] Thus, in order to effect a desired change in the recognition sequence
half-site of a meganuclease at a given position X, (1) determine at least the re-
levant portion of the three-dimensional structure of the wild-type or reference
meganuclease-DNA complex and the amino acid residue side chains which de-
fine the contact surface at position X; (2) determine the distance between the [3-
carbon of at least one residue comprising the contact surface and at least one
base of the base pair at position X; and (3)(a) for a residue which is < 6 A from
the base, select a residue from Group 1 and/or Group 2 which is a member of
the appropriate one of Group G, Group C, Group T or Group A to promote the
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desired change, and/or (b) for a residue which is > 6 A from the base, select a
residue from Group 2 and/or Group 3 which is a member of the appropriate one
of Group G, Group C, Group T or Group A to promote the desired change. More
than one such residue comprising the contact surface can be selected for analy-
sis and modification and, in some embodiments, each such residue is analyzed
and multiple residues are modified. Similarly, the distance between the B-car-
bon of a residue included in the contact surface and each of the two bases of
the base pair at position X can be determined and, if the residue is within 9A of
both bases, then different substitutions can be made to affect the two bases of
the pair (e.g., a residue from Group | to affect a proximal base on one strand, or
a residue from Group 3 to affect a distal base on the other strand). Alternatively,
a combination of residue substitutions capable of interacting with both bases in
a pair can affect the specificity (e.g., a residue from the T Group contacting the
sense strand combined with a residue from the A Group contacting the anti-
sense strand to select for T/A). Finally, multiple alternative modifications of the
residues can be validated either empirically (e.g., by producing the recombinant
meganuclease and testing its sequence recognition) or computationally (e.g., by
computer modeling of the meganuclease-DNA complex of the modified en-

zyme) to choose amongst alternatives.

[0081] Once one or more desired amino acid modifications of the wild-type or
reference meganuclease are selected, the rationally-designed meganuclease
can be produced by recombinant methods and techniques well known in the art.
In some embodiments, non-random or site-directed mutagenesis techniques
are used to create specific sequence modifications. Non-limiting examples of
non-random mutagenesis techniques include overlapping primer PCR (see,
e.g., Wang et al. (2006), Nucleic Acids Res. 34(2): 517-527), site-directed mu-
tagenesis (see, e.g., U.S. Pat. No. 7,041,814), cassette mutagenesis (see, e.g.,
U.S. Pat. No. 7,041,814), and the manufacturer's protocol for the Altered Sites®
Il Mutagenesis Systems kit commercially available from Promega Biosciences,
Inc. (San Luis Obispo, CA).

[0082] The recognition and cleavage of a specific DNA sequence by a rational-
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ly-designed meganuclease can be assayed by any method known by one
skilled in the art (see, e.g., U.S. Pat. Pub. No. 2006/0078552). In certain em-
bodiments, the determination of meganuclease cleavage is determined by in
vitro cleavage assays. Such assays use in vitro cleavage of a polynucleotide
substrate comprising the intended recognition sequence of the assayed mega-
nuclease and, in certain embodiments, variations of the intended recognition
sequence in which one or more bases in one or both half-sites have been
changed to a different base. Typically, the polynucleotide substrate is a double-
stranded DNA molecule comprising a target site which has been synthesized
and cloned into a vector. The polynucleotide substrate can be linear or circular,
and typically comprises only one recognition sequence. The meganuclease is
incubated with the polynucleotide substrate under appropriate conditions, and
the resulting polynucleotides are analyzed by known methods for identifying
cleavage products (e.g., electrophoresis or chromatography). If there is a single
recognition sequence in a linear, double-strand DNA substrate, the meganu-
clease activity is detected by the appearance of two bands (products) and the
disappearance of the initial full-length substrate band. In one embodiment, me-
ganuclease activity can be assayed as described in, for example, Wang et al.
(1997), Nucleic Acid Res., 25: 3767-3776.

[0083] In other embodiments, the cleavage pattern of the meganuclease is de-
termined using in vivo cleavage assays (see, e.g., U.S. Pat. Pub. No. 2006/-
0078552). In particular embodiments, the in vivo test is a single-strand annea-
ling recombination test (SSA). This kind of test is known to those of skill in the
art (Rudin et al. (1989), Genetics 122: 519-534; Fishman-Lobell et al. (1992),
Science 258: 480-4).

[0084] As will be apparent to one of skill in the art, additional amino acid substi-
tutions, insertions or deletions can be made to domains of the meganuclease
enzymes other than those involved in DNA recognition and binding without
complete loss of activity. Substitutions can be conservative substitutions of simi-
lar amino acid residues at structurally or functionally constrained positions, or

can be non-conservative substitutions at positions which are less structurally or
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functionally constrained. Such substitutions, insertions and deletions can be
identified by one of ordinary skill in the art by routine experimentation without
undue effort. Thus, in some embodiments, the recombinant meganucleases in-
clude proteins having anywhere from 85% to 99% sequence similarity (e.g.,
85%, 87.5%, 90%, 92.5%, 95%, 97.5%, 99%) to a reference meganuclease se-
quence. With respect to each of the wild-type I-Crel, I-Msol, I-Scel and I-Ceul
proteins, the most N-terminal and C-terminal sequences are not clearly visible
in X-ray crystallography studies, suggesting that these positions are not struc-
turally or functionally constrained. Therefore, these residues can be excluded
from calculation of sequence similarity, and the following reference meganu-
clease sequences can be used: residues 2-153 of SEQ ID NO: 1 for I-Crel, resi-
dues 6-160 of SEQ ID NO: 6 for I-Msol, residues 3-186 of SEQ ID NO: 9 for I-
Seel, and residues 5-211 of SEQ ID NO: 12 for I-Ceul.

2.2 LAGLIDADG Family Meganucleases

[0085] The LAGLIDADG meganuclease family is composed of more than 200
members from a diverse phylogenetic group of host organisms. All members of
this family have one or two copies of a highly conserved LAGLIDADG motif
along with other structural motifs involved in cleavage of specific DNA sequen-
ces. Enzymes that have a single copy of the LAGLIDADG motif (i.e., mono-
LAGLIDADG meganucleases) function as dimers, whereas the enzymes that
have two copies of this motif (i.e., di-LAGLIDADG meganucleases) function as

monomers.

[0086] All LAGLIDADG family members recognize and cleave relatively long
sequences (> 12bp), leaving four nucleotide 3' overhangs. These enzymes also
share a number of structural motifs in addition to the LAGLIDADG motif, inclu-
ding a similar arrangement of anti-parallel B-stands at the protein-DNA inter-
face. Amino acids within these conserved structural motifs are responsible for
interacting with the DNA bases to confer recognition sequence specificity.. The
overall structural similarity between some members of the family (e.g., I-Crel, I-
Msol, I-Scel and I-Ceul) has been elucidated by X-ray crystallography. Accord-
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ingly, the members of this family can be modified at particular amino acids with-
in such structural motifs to change the over-all activity or sequence-specificity of
the enzymes, and corresponding modifications can reasonable be expected to
have similar results in other family members. See, generally, Chevalier et al.
(2001), NucleicAcid Res. 29(18): 3757-3774).

2.2.1 Meganucleases Derived from I-Crel

[0087] In one aspect, disclosed are rationally-designed meganucleases which
are based upon or derived from the |-Crel meganuclease of Chlamydomonas
reinhardtii. The wild-type amino acid sequence of the |-Crel meganuclease is
shown in SEQ ID NO: 1, which corresponds to Genbank Accession # PO5725.
Two recognition sequence half sites of the wild-type |-Crel meganuclease from

crystal structure PDB # 1BP7 are shown below:

a3y o
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Position -9~ -
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Note that this natural recognition sequence is not perfectly palindromic, even
outside the central four base pairs. The two recognition sequence half-sites are

shown in bold on their respective sense strands.

[0088] Wild-type I-Crel also recognizes and cuts the following perfectly palin-
dromic (except for the central N1-N4 bases) sequence:

Position - )
‘G-3' SEQ ID NO: 4
C-5' SEQ ID NO: 5

Position ~~ =1-2-3-4-

[0089] The palindromic sequence of SEQ ID NO: 4 and SEQ ID NO: 5 is con-
sidered to be a better substrate for the wild-type I-Crel because the enzyme
binds this site with higher affinity and cleaves it more efficiently than the natural
DNA sequence. For the purposes of the following disclosure, and with particular
regard to the experimental results presented herein, this palindromic sequence
cleaved by wild-type I-Crel is referred to as "WT" (see, e.g., Figure 2(A)). The
two recognition sequence half-sites are shown in bold on their respective sense

strands.
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[0090] Figure 1(A) depicts the interactions of a wild-type |-Crel meganuclease
homodimer with a double-stranded DNA recognition sequence, Figures 1 (B)
shows the specific interactions between amino acid residues of the enzyme and
bases at the -4 position of one half-site for a wild-type enzyme and one wild-
type recognition sequence, and Figures 1(C)-(E) show the specific interactions
between amino acid residues of the enzyme and bases at the -4 position of one
half-site for three rationally-designed meganucleases of the invention with al-

tered specificity at position -4 of the half-site.

[0091] Thus, the base preference at any specified base position of the half-site
can be rationally altered to each of the other three base pairs using the methods
disclosed herein. First, the wild type recognition surface at the specified base
position is determined (e.g., by analyzing meganuclease-DNA complex co-
crystal structures; or by computer modeling of the meganuclease-DNA com-
plexes). Second, existing and potential contact residues are determined based
on the distances between the B-carbon of the surrounding amino acid positions
and the nucleic acid bases on each DNA strand at the specified base position.
For example, and without limitation, as shown in Figure 1(A), the I-Crel wild
type meganuclease-DNA contact residues at position -4 involve a glutamine at
position 26 which hydrogen bonds to an A base on the antisense DNA strand.
Residue 77 was also identified as potentially being able to contact the -4 base
on the DNA sense strand. The B-carboy of residue 26 is 5.9 A away from N7 of
the A base on the antisense DNA strand, and the B-carboy of residue 77 is 7.15
A away from the C5-methyl of the T on the sense strand. According to the di-
stance and base chemistry rules described herein, a C on the sense strand
could hydrogen bond with a glutamic acid at position 77 and a G on the anti-
sense strand could bond with glutamine at position 26 (mediated by a water
molecule, as observed in the wild-type I-Crel crystal structure) (see Fig 1(C)); a
G on the sense strand could hydrogen bond with an arginine at position 77 and
a C on the antisense strand could hydrogen bond with a glutamic acid at posi-
tion 26 (see Fig 1(D)); an A on the sense strand could hydrogen bond with a
glutamine at position 77 and a T on the antisense strand could form hydropho-
bic contacts with an alanine at position 26 (see Fig. 1 (E)). If the base specific
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contact is provided by position 77, then the wild-type contact, Q26, can be sub-
stituted (e.g., with a serine residue) to reduce or remove its influence on speci-
ficity. Alternatively, complementary mutations at positions 26 and 77 can be
combined to specify a particular base pair (e.g., A26 specifies a T on the anti-
sense strand and Q77 specifies an A on the sense strand (Fig. 1(E)). These

predicted residue substitutions have all been validated experimentally.

[0092] Thus, a substantial number of amino acid modifications to the DNA
recognition domain of the I-Crel meganuclease have been identified which, sin-
gly or in combination, result in recombinant meganucleases with specificities al-
tered at individual bases within the DNA recognition sequence half-site, such
that these rationally-designed meganucleases have half-sites different from the
wild-type enzyme. The amino acid modifications of I-Crel and the resulting

change in recognition sequence half-site specificity are shown in Table 1:

TABLE 1

.................................................................................................................................................................................................................................

Posn. A C G T AT AC AG CT GT AGT ACGT
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[0093] Bold entries are wild-type contact residues and do not constitute "modifi-

cations" as used herein.

[0094] An asterisk indicates that the residue contacts the base on the antisense
strand.

2.2.2 Meganucleases Derived from |-Msol

[0095] In another aspect, disclosed are rationally-designed meganucleases
which are based upon or derived from the I-Msol meganuclease of Monomastix
sp. The wild-type amino acid sequence of the I-Msol meganuclease is shown in
SEQ ID NO: 6, which corresponds to Genbank Accession # AAL34387. Two
recognition sequence half-sites of the wild-type I-Msol meganuclease from cry-

stal structure PDB # 1M5X are shown below:

Position -9-8-7-6-5~

C C-3' SEQ ID NO: 7
G G-5 SEQ ID NO: 8
9

Position -

[0096] Note that the recognition sequence is not perfectly palindromic, even
outside the central four base pairs. The two recognition sequence half-sites are

shown in bold on their respective sense strands.

[0097] A substantial number of amino acid modifications to the DNA recognition
domain of the I-Msol meganuclease have been identified which, singly or in
combination, can result in recombinant meganucleases with specificities altered

at individual bases within the DNA recognition sequence half-sites, such that
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these rationally-designed meganucleases have recognition sequences different
from the wild-type enzyme. Amino acid modifications of I-Msol and the predic-
ted change in recognition sequence half-site specificity are shown in Table 2:

TABLE 2
gFavored Sense-Strand Base
— S | o
1K75*D77K77 .................................. : 77
A49* K49* E49* Q79*

K79
-2 Q75 E75 A75
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o P T T —
147+ K4T* 175
L47* K81* T75
R81* Q47*
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Favored Sense-Strand Base

A A A R 4 R A A A A R
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ey R R R R R R A R R R R R R e R R G R A
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‘Bold entries are répresent wiId-type contact reéidues and do

not constitute:

"modifications" as used herein. An asterisk indicates that the residue contacts

the base on the antisense strand.
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2.2.3 Meganucleases Derived from I-Scel

[0098] In another aspect, disclosed are rationally-designed meganucleases
which are based upon or derived from the I-Scel meganuclease of Saccharomy-
ces cerevisiae. The wild-type amino acid sequence of the I-Scel meganuclease
is shown in SEQ ID NO: 9, which corresponds to Genbank Accession #
CAAQ09843. The recognition sequence of the wild-type |-Scel meganuclease

from crystal structure PDB # 1R7M is shown below:

Sense 5*-PTACCCTGT T A T C C C T A G-3' SEQ ID NO:
10

Antisense 3'-AATGGGACA A T A G G G A T C-5' SEQ ID NO:
11 : : :

Position1234567891011121314151617 18
Note that the recognition sequence is non-palindromic and there are not four

base pairs separating half-sites.

[0099] A substantial number of amino acid modifications to the DNA recognition
domain of the |-Scel meganuclease have been identified which, singly or in
combination, can result in recombinant meganucleases with specificities altered
at individual bases within the DNA recognition sequence, such that these ra-
tionally-designed meganucleases have recognition sequences different from the
wild-type enzyme. The amino acid modifications of |-Scel and the predicted

change in recognition sequence specificity are shown in Table 3:

TABLE 3
.......................................................... e ——
s P G P S ——
P T ot e
K50* R57 M57
E57 K57 Q50*
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Favored Sense-Strand Base |

...................................................................................................................................................................................................................................

Position A .C G T

Q102 K48 K102 C102

R A R R 4 R R R R 4 X S R 4 e S e R e e e R e R A e R R R

A61* ............................................................................................................................................................

Le1*

9 Tog* .RO8* [E98* Q98*

c98* K9g* D98*

A R R R
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Favored Sense-Strand Base |

A A R R 4 A 4 R 4 R R A R A

15 E151 C151
| L151
K151
17 ................................................. N152* .......................... K152* ....................................................................... Q 152*
S152*K150* .......................................... Q 150*
C150*D152* .......................................................................
L150* §D150*
V150" :E150*
18 ................................................ K155* .......................... R155* ............................ E155* ........................... H155*
§C155* éK155* Y155*

‘Bold entries are wild-type contact residues and do not constitute "modifications”
as used herein.
An asterisk indicates that the residue contacts the base on the antisense strand.
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2.2.4 Meganucleases Derived from I-Ceul

[0100] In another aspect, disclosed are rationally-designed meganucleases
which are based upon or derived from the |-Ceul meganuclease of Chlamydo-
monas eugametos. The wild-type amino acid sequence of the I-Ceul meganu-
clease is shown in SEQ ID NO: 12, which corresponds to Genbank Accession #
P32761. Two recognition sequence half sites of the wild-type |-Ceul mega-

nuclease from crystal structure PDB # 2EXS5 are shown below:

Position -9-8-7-6-5-4-3-2-1
5'—A‘I‘AACGG'I‘CC'I‘AAGGTAGCGAVA-E\' SEQ ID NO:

13 .
3’-'I‘ATTGCCAGGATTCCATCGCT‘T—S'SEQIDNO:

14 )

Position -1-2-3-4-5-6-7-8-9

Note that the recognition sequence is non-palindromic, even outside the central
four base pairs, despite the fact that I-Ceul is a homodimer, due to the natural
degeneracy in the I-Ceul recognition interface (Spiegel et al. (2006), Structure
14:869-80). The two recognition sequence half-sites are shown in bold on their

respective sense strands.

[0101] A substantial number of amino acid modifications to the DNA recognition
domain of the I-Ceul meganuclease have been identified which, singly or in
combination, result in recombinant meganucleases with specificities altered at
individual bases within the DNA recognition sequence half-site, such that these
rationally-designed meganucleases can have recognition sequences different
from the wild-type enzyme. The amino acid modifications of I-Ceul and the pre-

dicted change in recognition sequence specificity are shown in Table 4:

TABLE 4

: Favored Sense-Strand Base |

Position A C G T

| 1 :C92* :K116* E116* §Q116*
........................................................ A92* E92*Q92*
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A R A 4 R A A A R R R
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‘Bold entries are wild-type contact‘ residues and do not constitute "modifications"
as used herein.
An asterisk indicates that the residue contacts the base on the antisense strand.

2.2.5 Specifically-Excluded Recombinant Meganucleases

[0102] The present invention is not intended to embrace certain recombinant
meganucleases which have been described in the prior art, and which have
been developed by alternative methods. These excluded meganucleases in-
clude those described by Arnould et al. (2006), J. Mol. Biol. 355: 443-58; Suss-
man et al. (2004), J. Mol. Biol. 342: 31-41; Chames et al. (2005), Nucleic Acids
Res. 33: e178; Seligman et al. (2002), Nucleic Acids Res. 30: 3870-9; and
Ashworth et al. (2006), Nature 441(7093):656-659; the entire disclosures of
which are hereby incorporated by reference, including recombinant meganu-

cleases based on I-Crel with single substitutions selected from C33, R33, A44,
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H33, K32, F33, R32, A28, A70, E33, V33, A26, and R66. Also excluded are re-
combinant meganucleases based on |-Crel with three substitutions selected
from AB68/N70IN75 and D44/D70/N75, or with four substitutions selected from
K44/T68/G60/N75 and R441A68/T70/N75. Lastly, specifically excluded is the
recombinant meganuclease based on I-Msol with the pair of substitutions L28
and R83. These substitutions or combinations of substitutions are referred to

herein as the "excluded modifications."

2.2.6 Meganucleases with Multiple Changes in the Recognition Sequence
Half-Site

[0103] In another aspect, disclosed are rationally-designed meganucleases
which are produced by combining two or more amino acid modifications as de-
scribed in sections 2.2.1-2.2.4 above, in order to alter half-site preference at two
or more positions in a DNA recognition sequence half-site. For example, without
limitation, and as more fully described below, the enzyme DJ1 was derived from
I-Crel by incorporating the modifications R30/E38 (which favor C at position -7),
R40 (which favors G at position -6), R42 (which favors at G at position -5), and
N32 (which favors complete degeneracy at position -9). The rationally-designed
DJ1 meganuclease invariantly recognizes C.; G.s G.s compared to the wild-type
preference for A; A C.5, and has increased tolerance for A at position -9.

[0104] The ability to combine residue substitutions that affect different base po-
sitions is due in part to the modular nature of the LAGLIDADG meganucleases.
A majority of the base contacts in the LAGLIDADG recognition interfaces are
made by individual amino acid side chains, and the interface is relatively free of
interconnectivity or hydrogen bonding networks between side chains that inter-
act with adjacent bases. This generally allows manipulation of residues that in-
teract with one base position without affecting side chain interactions at adja-
cent bases. The additive nature of the mutations listed in sections 2.2.1-2.2.4
above is also a direct result of the method used to identify these mutations. The
method predicts side chain substitutions that interact directly with a single base.

Interconnectivity or hydrogen bonding networks between side chains is general-
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ly avoided to maintain the independence of the substitutions within the recogni-
tion interface.

[0105] Certain combinations of side chain substitutions are completely or par-
tially incompatible with one another. When an incompatible pair or set of amino
acids are incorporated into a rationally-designed meganuclease, the resulting
enzyme will have reduced or eliminated catalytic activity. Typically, these in-
compatibilities are due to steric interference between the side chains of the in-
troduced amino acids and activity can be restored by identifying and removing
this interference. Specifically, when two amino acids with large side chains
(e.g., amino acids from group 2 or 3) are incorporated at amino acid positions
that are adjacent to one another in the meganuclease structure (e.g., positions
32 and 33, 28 and 40, 28 and 42, 42 and 77, or 68 and 77 in the case of mega-
nucleases derived from |-Crel), it is likely that these two amino acids will inter-
fere with one another and reduce enzyme activity. This interference be elimi-
nated by substituting one or both incompatible amino acids to an amino acid
with a smaller side chain (e.g., group 1 or group 2). For example, in rationally-
designed meganucleases derived from I-Crel, K28 interferes with both R40 and
R42. To maximize enzyme activity, R40 and R42 can be combined with a serine
or aspartic acid at position 28.

[0106] Combinations of amino substitutions, identified as described herein, can
be used to rationally alter the specificity of a wild-type meganuclease (or a pre-
viously modified meganuclease) from an original recognition sequence to a de-
sired recognition sequence which may be present in a nucleic acid of interest
(e.g., a genome). Figure 2A, for example, shows the "sense" strand of the |-Crel
meganuclease recognition sequence WT (SEQ ID NO: 4) as well as a number
of other sequences for which a rationally-designed meganuclease would be
useful. Conserved bases between the WT recognition sequence and the de-
sired recognition sequence are shaded. Recombinant meganucleases based on
the 1-Crel meganuclease can be rationally-designed for each of these desired
recognition sequences, as well as any others, by suitable amino acid substitu-

tions as described herein.
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3. Rationally-Designed Meganucleases with Altered DNA-Binding Affinity

[0107] As described above, the DNA-binding affinity of the recombinant mega-
nucleases can be modulated by altering certain amino acids that form the con-
tact surface with the phosphodiester backbone of DNA. The contact surface
comprises those amino acids in the enzyme with B-carbon less than 9 A from
the DNA backbone, and with side chains oriented toward the DNA, irrespective
of whether the residues make contacts with the DNA backbone in the wild-type
meganuclease-DNA complex. Because DNA-binding is a necessary precursor
to enzyme activity, increases/decreases in DNA-binding affinity have been
shown to cause increases/decreases, respectively, in enzyme activity. How-
ever, increases/decreases in DNA-binding affinity also have been shown to
cause decreases/increases in the meganuclease sequence-specificity. There-
fore, both activity and specificity can be modulated by modifying the phos-

phodiester backbone contacts.

[0108] Specifically, to increase enzyme activity/decrease enzyme specificity:

(i) Remove electrostatic repulsion between the enzyme and DNA backbone.
If an identified amino acid has a negatively-charged side chain (e.g., aspartic
acid, glutamic acid) which would be expected to repulse the negatively-
charged DNA backbone, the repulsion can be eliminated by substituting an
amino acid with an uncharged or positively-charged side chain, subject to ef-
fects of steric interference. An experimentally verified example is the muta-
tion of glutamic acid 80 in I-Crel to glutamine.

(i) Introduce electrostatic attraction interaction between the enzyme and the
DNA backbone. At any of the positions of the contact surface, the introduc-
tion of an amino acid with a positively-charged side chain (e.g., lysine or ar-
ginine) is expected to increase binding affinity, subject to effects of steric in-
terference.

(iii) Introduce a hydrogen-bond between the enzyme and the DNA back-
bone. If an amino acid of the contact surface does not make a hydrogen
bond with the DNA backbone because it lacks an appropriate hydrogen-

bonding functionality or has a side chain that is too short, too long, and/or



10

15

20

25

30

DK/EP 2360244 T3

52

too inflexible to interact with the DNA backbone, a polar amino acid capable
of donating a hydrogen bond (e.g., serine, threonine, tyrosine, histidine, glu-
tamine, asparagine, lysine, cysteine, or arginine) with the appropriate length
and flexibility can be introduced, subject to effects of steric interference.

[0109] Specifically, to decrease enzyme activity/increase enzyme specificity:

(i) Introduce electrostatic repulsion between the enzyme and the DNA back-
bone. At any of the positions of the contact surface, the introduction of an
amino acid with a negatively-charged side chain (e.g., glutamic acid, aspar-
tic acid) is expected to decrease binding affinity, subject to effects of steric
interference.

(i) Remove electrostatic attraction between the enzyme and DNA. If any
amino acid of the contact surface has a positively-charged side chain (e.g.,
lysine or arginine) that interacts with the negatively-charged DNA backbone,
this favorable interaction can be eliminated by substituting an amino acid
with an uncharged or negatively-charged side chain, subject to effects of
steric interference. An experimentally verified example is the mutation of ly-
sine 116 in |-Crel to aspartic acid.

(iii) Remove a hydrogen-bond between the enzyme and the DNA backbone.
If any amino acid of the contact surface makes a hydrogen bond with the
DNA backbone, it can be substituted to an amino acid that would not be ex-
pected to make a similar hydrogen bond because its side chain is not ap-
propriately functionalized or it lacks the necessary length/flexibility characte-

ristics.

[0110] For example, in some recombinant meganucleases based on I-Crel, the
glutamic acid at position 80 in the I-Crel meganuclease is altered to either a ly-
sine or a glutamine to increase activity. In another embodiment, the tyrosine at
position 66 of I-Crel is changed to arginine or lysine, which increases the activi-
ty of the meganuclease. In yet another embodiment, enzyme activity is decrea-
sed by changing the lysine at position 34 of I-Crel to aspartic acid, changing the
tyrosine at position 66 to aspartic acid, and/or changing the lysine at position

116 to aspartic acid.



10

15

20

25

DK/EP 2360244 T3

53

[0111] The activities of the recombinant meganucleases can be modulated
such that the recombinant enzyme has anywhere from no activity to very high
activity with respect to a particular recognition sequence. For example, the DJ1
recombinant meganuclease when carrying glutamic acid mutation at position 26
loses activity completely. However, the combination of the glutamic acid substi-
tution at position 26 and a glutamine substitution at position 80 creates a re-
combinant meganuclease with high specificity and activity toward a guanine at

-4 within the recognition sequence half-site (see Figure 1(D)).

[0112] Amino acids at various positions in proximity to the phosphodiester DNA
backbone can be changed to simultaneously affect both meganuclease activity
and specificity. This "tuning" of the enzyme specificity and activity is accompli-
shed by increasing or decreasing the number of contacts made by amino acids
with the phosphodiester backbone. A variety of contacts with the phospho-
diester backbone can be facilitated by amino acid side chains. In some embodi-
ments, ionic bonds, salt bridges, hydrogen bonds, and steric hindrance affect
the association of amino acid side chains with the phosphodiester backbone.
For example, for the I-Crel meganuclease, alteration of the lysine at position
116 to an aspartic acid removes a salt bridge between nucleic acid base pairs
at positions -8 and -9, reducing the rate of enzyme cleavage but increasing the
specificity.

[0113] The residues forming the backbone contact surface of each of the wild-
type I-Crel (SEQ ID NO: 1), I-Msol (SEQ ID NO: 6), I-Scel (SEQ ID NO: 9) and
I-Ceul (SEQ ID NO: 12) meganucleases are identified in Table 5 below:

TABLE 5
T IMsoIISceI I
P29K34T46 K36Q41R51N15N17L19K20K23K63 PN

[K48,R51,V64, N70, 85, G86, S87, §L80,881,H84, L92,N94, N120, K31, 868, N70,
Y66, E80, 181, T88,H89, Y118,  K122,K148, Y151, K153, T156,  H94, R112, R114, |
K82, 1112, K116, | Q122, K123, Q139, §N157,S159,N163, Q165,$166, S117, N120, 5
D137, K139, K143, R144, E147, §Y188,K190,I191,K193,N194, D128, N129,
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[0114] To increase the affinity of an enzyme and thereby make it more ac-
tive/less specific:
(1) Select an amino acid from Table 5 for the corresponding enzyme that is
either negatively-charged (D or E), hydrophobic (A, C, F, G, |, L, M, P, V, W,
Y), or uncharged/polar (H, N, Q, S, T).
(2) If the amino acid is negatively-charged or hydrophobic, mutate it to un-
charged/polar (less effect) or positively-charged (K or R, more effect).
(3) If the amino acid is uncharged/polar, mutate it to positively-charged.

[0115] To decrease the affinity of an enzyme and thereby make it less ac-
tive/more specific:
(1) Select an amino acid from Table 5 for the corresponding enzyme that is
either positively-charged (K or R), hydrophobic (A, C, F, G, |, L, M, P, V, W,
Y), or uncharged/polar (H, N, Q, S, T).
(2) If the amino acid is positively-charged, mutate it to uncharged/polar (less
effect) or negatively-charged (more effect).
(3) If the amino acid is hydrophobic or uncharged/polar, mutate it to nega-
tively-charged.

4. Heterodimeric Meganucleases

[0116] In another aspect, disclosed are meganucleases which are heterodimers
formed by the association of two monomers, one of which may be a wild-type
and one or both of which may be a non-naturally-occuning or recombinant form.
For example, wild-type 1-Crel meganuclease is normally a homodimer compo-
sed of two monomers that each bind to one half-site in the pseudo-palindromic
recognition sequence. A heterodimeric recombinant meganuclease can be pro-
duced by combining two meganucleases that recognize different half-sites, for

example by co-expressing the two meganucleases in a cell or by mixing two
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meganucleases in solution. The formation of heterodimers can be favored over
the formation of homodimers by altering amino acids on each of the two mono-
mers that affect their association into dimers. In particular embodiments, certain
amino acids at the interface of the two monomers are altered from negatively-
charged amino acids (D or E) to positively- charged amino acids (K or R) on a
first monomer and from positively- charged amino acids to negatively-charged
amino acids on a second monomer (Table 6). For example, in the case of me-
ganucleases derived from 1-Crel, lysines at positions 7 and 57 are mutated to
glutamic acids in the first monomer and glutamic acids at positions 8 and 61 are
mutated to lysines in the second monomer. The result of this process is a pair of
monomers in which the first monomer has an excess of positively-charged resi-
dues at the dimer interface and the second monomer has an excess of nega-
tively-charged residues at the dimer interface. The first and second monomer
will, therefore, associate preferentially over their identical monomer pairs due to

the electrostatic interactions between the altered amino acids at the interface.

TABLE 6

?I-Crel: First Monomer Substitutions §I-Crel: Second Monomer Substitutions

K7to E7 or D7 [E8to K8 or R8

A R R

gl-MsoI: First Monomer Substitutions §I-Msol: Second Monomer Substitutions

§R302 to E302 or D302 §D20 to K60 or R60

{E11to K11 or R11

3
3

'R93 to E93 or D93 \E152 to K152 or R152

3

[0117] Alternatively, or in addition, certain amino acids at the interface of the
two monomers can be altered to sterically hinder homodimer formation. Specifi-

cally, amino acids in the dimer interface of one monomer are substituted with
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larger or bulkier residues that will sterically prevent the homodimer. Amino acids
in the dimer interface of the second monomer optionally can be substituted with
smaller residues to compensate for the bulkier residues in the first monomer

and remove any clashes in the heterodimer, or can be unmodified.

[0118] In another alternative or additional embodiment, an ionic bridge or hy-
drogen bond can be buried in the hydrophobic core of a heterodimeric interface.
Specifically, a hydrophobic residue on one monomer at the core of the interface
can be substituted with a positively charged residue. In addition, a hydrophobic
residue on the second monomer, that interacts in the wild type homodimer with
the hydrophobic residue substituted in the first monomer, can be substituted
with a negatively charged residue. Thus, the two substituted residues can form
an ionic bridge or hydrogen bond. At the same time, the electrostatic repulsion
of an unsatisfied charge buried in a hydrophobic interface should disfavor ho-

modimer formation.

[0119] Finally, as noted above, each monomer of the heterodimer can have dif-
ferent amino acids substituted in the DNA recognition region such that each has
a different DNA half-site and the combined dimeric DNA recognition sequence

is non-palindromic.

5. Methods of Producing Recombinant Cells and Organisms

[0120] Aspects of the present invention further provide methods for producing
recombinant, transgenic or otherwise genetically-modified cells and organisms
using rationally-designed meganucleases. Thus, in certain embodiments, re-
combinant meganucleases are developed to specifically cause a double-stran-
ded break at a single site or at relatively few sites in the genomic DNA of a cell
or an organism to allow for precise insertion(s) of a sequence of interest by ho-
mologous recombination. In other embodiments, recombinant meganucleases
are developed to specifically cause a double-stranded break at a single site or
at relatively few sites in the genomic DNA of a cell or an organism to either (a)

allow for rare insertion(s) of a sequence of interest by non-homologous end-
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joining or (b) allow for the disruption of the target sequence by non-homologous
end-joining. As used herein with respect to homologous recombination or non-
homologous end-joining of sequences of interest, the term "insertion" means
the ligation of a sequence of interest into a chromosome such that the se-
guence of interest is integrated into the chromosome. In the case of homolo-
gous recombination, an inserted sequence can replace an endogenous se-
quence, such that the original DNA is replaced by exogenous DNA of equal
length, but with an altered nucleotide sequence. Alternatively, an inserted se-

guence can include more or fewer bases than the sequence it replaces.

[0121] Therefore, in accordance with this aspect of the invention, the recombi-
nant organisms include, but are not limited to, monocot plant species such as
rice, wheat, corn (maize) and rye, and dicot species such as legumes (e.g., kid-
ney beans, soybeans, lentils, peanuts, peas), alfalfa, clover, tobacco and Ara-
bidopsis species. In addition, the recombinant organisms can include, but are
not limited to, animals such as humans and non-human primates, horses, cows,
goats, pigs, sheep, dogs, cats, guinea pigs, rats, mice, lizards, fish and insects
such as Drosophila species. In other embodiments, the organism is a fungus

such as a Candida, Neurospora or Saccharomyces species.

[0122] In some embodiments, the methods of the invention involve the introduc-
tion of a sequence of interest into a cell such as a germ cell or stem cell that
can become a mature recombinant organism or allow the resultant genetically-
modified organism to give rise to progeny carrying the inserted sequence of in-

terest in its genome.

[0123] Meganuclease proteins can be delivered into cells to cleave genomic
DNA, which allows for homologous recombination or non-homologous end-joi-
ning at the cleavage site with a sequence of interest, by a variety of different
mechanisms known in the art. For example, the recombinant meganuclease
protein can introduced into a cell by techniques including, but not limited to, mi-
croinjection or liposome transfections (see, e.g., Lipofectamine™, Invitrogen

Corp., Carlsbad, CA). The liposome formulation can be used to facilitate lipid bi-
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layer fusion with a target cell, thereby allowing the contents of the liposome or
proteins associated with its surface to be brought into the cell. Alternatively, the
enzyme can be fused to an appropriate uptake peptide such as that from the
HIV TAT protein to direct cellular uptake (see, e.g., Hudecz et al. (2005), Med.
Res. Rev. 25: 679-736).

[0124] Alternatively, gene sequences encoding the meganuclease protein are
inserted into a vector and transfected into a eukaryotic cell using techniques
known in the art (see, e.g., Ausubel et, al., Current Protocols in Molecular Biolo-
gy, Wiley 1999). The sequence of interest can be introduced in the same vector,

a different vector, or by other means known in the art.

[0125] Non-limiting examples of vectors for DNA transfection include virus vec-
tors, plasmids, cosmids, and YAC vectors. Transfection of DNA sequences can
be accomplished by a variety of methods known to those of skill in the art. For
instance, liposomes and immunoliposomes are used to deliver DNA sequences
to cells (see, e.g., Lasic et al. (1995), Science 267: 1275-76). In addition, viru-
ses can be utilized to introduce vectors into cells (see, e.g., U.S. Pat. No.
7,037,492). Alternatively, transfection strategies can be utilized such that the
vectors are introduced as naked DNA (see, e.g., Rui et al. (2002), Life Sci.
71(15): 1771-8).

[0126] General methods for delivering nucleic acids into cells include: (1) che-
mical methods (Graham et al. (1973), Virology 54(2):536-539; Zatloukal et al.
(1992), Ann. N.Y. Acad. Sci., 660:136-153; (2) physical methods such as mi-
croinjection (Capecchi (1980), Cell 22(2):479-488, electroporation (Wong et al.
(1982), Biochim, Biophys. Res. Commun. 107(2):584-587; Fromm et al. (1985),
Proc. Nat'l Acad. Sci. USA 82(17):5824-5828; U.S. Pat. No. 5,384,253) and bal-
listic injection (Johnston et al. (1994), Methods Cell. Biol. 43(A): 353-365; Fynan
et al. (1993), Proc. Nat'l Acad. Sci. USA 90(24): 11478-11482); (3) viral vectors
(Clapp (1993), Clin. Perinatol. 20(1): 155-168; Lu et al. (1993), J. Exp. Med.
178(6):2089-2096; Eglitis et al. (1988), Avd. Exp. Med. Biol. 241:19-27; Eglitis
et al. (1988), Biotechniques 6(7):608-614); and (4) receptor-mediated mecha-
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nisms (Curiel et al. (1991), Proc. Nat'l Acad. Sci. USA 88(19):8850-8854; Curiel
et al. (1992), Hum. Gen. Ther. 3(2):147-154; Wagner et al. (1992), Proc. Nat'l
Acad. Sci. USA 89 (13):6099-6103).

[0127] In certain embodiments, a genetically-modified plant is produced, which
contains the sequence of interest inserted into the genome. In certain embodi-
ments, the genetically-modified plant is produced by transfecting the plant cell
with DNA sequences corresponding to the recombinant meganuclease and the
sequence of interest, which may or may not be flanked by the meganuclease
recognition sequences and/or sequences substantially identical to the target
sequence. In other embodiments, the genetically-modified plant is produced by
transfecting the plant cell with DNA sequences corresponding to the recombi-
nant meganuclease only, such that cleavage promotes non-homologous end-
joining and disrupts the target sequence containing the recognition sequence. In
such embodiments, the meganuclease sequences are under the control of
regulatory sequences that allow for expression of the meganuclease in the host
plant cells. These regulatory sequences include, but are not limited to, constitu-
tive plant promoters such as the NOS promoter, chemically-inducible gene
promoters such as the dexamethasone-inducible promoter (see, e.g., Gremillon
et al. (2004), Plant J. 37:218-228), and plant tissue specific promoters such as
the LGC1 promoter (see, e.g., Singh et al. (2003), FEBS Lett. 542:47-52).

[0128] Suitable methods for introducing DNA into plant cells include virtually
any method by which DNA can be introduced into a cell, including but not limi-
ted to Agrobacterium infection, PEG-mediated transformation of protoplasts
(Omirulleh et al. (1993), Plant Molecular Biology, 21:415-428), desiccation/inhi-
bition-mediated DNA uptake, electroporation, agitation with silicon carbide fi-

bers, ballistic injection or microprojectile bombardment, and the like.

[0129] In other embodiments, a genetically-modified animal is produced using a
recombinant meganuclease. As with plant cells, the nucleic acid sequences can
be introduced into a germ cell or a cell that will eventually become a transgenic

organism. In some embodiments, the cell is a fertilized egg, and exogenous
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DNA molecules can be injected into the pro-nucleus of the fertilized egg. The
micro-injected eggs are then transferred into the oviducts of pseudopregnant
foster mothers and allowed to develop. The recombinant meganuclease is ex-
pressed in the fertilized egg (e.g., under the control of a constitutive promoter,
such as 3-phosphoglycerate kinase), and facilitates homologous recombination
of the sequence of interest into one or a few discrete sites in the genome. Alter-
natively, the genetically-modified animals can be obtained by utilizing recombi-
nant embryonic stem ("ES") cells for the generation of the transgenics, as de-
scribed by Gossler et al. (1986), Proc. Natl. Acad. Sci. USA 83:9065 9069.

[0130] In certain embodiments, a recombinant mammalian expression vector is
capable of directing tissue-specific expression of the nucleic acid preferentially
in a particular cell type. Tissue-specific regulatory elements are known in the
art. Non-limiting examples of suitable tissue-specific promoters include the al-
bumin promoter (liver-specific; Pinkert et al. (1987), Genes Dev. 1: 268-277),
lymphoid-specific promoters (Calame and Eaton (1988), Adv. Immunol. 43: 235-
275), in particular promoters of T cell receptors (Winoto and Baltimore (1989),
EMBO J. 8: 729-733) and immunoglobulins (Baneriji et al. (1983), Cell 33: 729-
740; Queen and Baltimore (1983), Cell 33: 741-748), neuron-specific promoters
(e.g., the neurofilament promoter; Byrne and Ruddle (1989), Proc. Natl. Acad.
Sci. USA 86: 5473-5477), pancreas-specific promoters (Edlund et al. (1985),
Science 230: 912-916), and mammary gland-specific promoters (e.g., milk whey
promoter; U.S. Pat. No. 4,873,316 and European Pat. Pub. EP 0 264 166). De-
velopmentally-regulated promoters are also encompassed, e.g., the murine hox
promoters (Kessel and Gruss (1990), Science 249: 374-379) and the a-feto-
protein promoter (Campes and Tilghman (1989), Genes Dev. 3: 537-546).

[0131] In certain embodiments, a rationally-designed meganuclease may be
tagged with a peptide epitope (e.g., an HA, FLAG, or Myc epitope) to monitor
expression levels or localization. In some embodiments, the meganuclease may
be fused to a subcellular localization signal such as a nuclear-localization signal
(e.g., the nuclear localization signal from SV40) or chloroplast or mitochondrial

localization signals. In other embodiments, the meganuclease may be fused to
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a nuclear export signal to localize it to the cytoplasm. The meganuclease may
also be fused to an unrelated protein or protein domain such as a protein that
stimulates DNA-repair or homologous recombination (e.g., recA, RADS51,
RAD52, RAD54, RAD57 or BRCA2).

6. Methods for Gene Therapy

[0132] Disclosed is the use of recombinant meganuclease for gene therapy. As
used herein, "gene therapy" means therapeutic treatments that comprise intro-
ducing into a patient a functional copy of at least one gene, or gene regulatory
sequence such as a promoter, enhancer, or silencer to replace a gene or gene
regulatory region that is defective in its structure and/or function. The term
"gene therapy" can also refer to modifications made to a deleterious gene or
regulatory element (e.g., oncogenes) that reduce or eliminate expression of the
gene. Gene therapy can be performed to treat congenital conditions, conditions
resulting from mutations or damage to specific genetic loci over the life of the

patient, or conditions resulting from infectious organisms.

[0133] Dysfunctional genes can be replaced or disabled by the insertion of exo-
genous nucleic acid sequences into a region of the genome affecting gene ex-
pression. In certain embodiments, the recombinant meganuclease is targeted to
a particular sequence in the region of the genome to be modified so as to alle-
viate the condition. The sequence can be a region within an exon, intron, pro-
moter, or other regulatory region that is causing dysfunctional expression of the
gene. As used herein, the term "dysfunctional expression" means aberrant ex-
pression of a gene product either by the cell producing too little of the gene
product, too much of the gene product, or producing a gene product that has a
different function such as lacking the necessary function or having more than

the necessary function.

[0134] Exogenous nucleic acid sequences inserted into the modified region can
be used to provide "repaired" sequences that normalize the gene. Gene repair

can be accomplished by the introduction of proper gene sequences into the
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gene allowing for proper function to be reestablished. In these embodiments,
the nucleic acid sequence to be inserted can be the entire coding sequence for
a protein or, in certain embodiments, a fragment of the gene comprising only
the region to be repaired. In other embodiments the nucleic acid sequence to be
inserted comprises a promoter sequence or other regulatory elements such that
mutations causing abnormal expression or regulation are repaired. In other em-
bodiments, the nucleic acid sequence to be inserted contains the appropriate
translation stop codon lacking in a mutated gene. The nucleic acid sequence
can also have sequences for stopping transcription in a recombinant gene lac-

king appropriate transcriptional stop signals.

[0135] Alternatively, the nucleic acid sequences can eliminate gene function al-
together by disrupting the regulatory sequence of the gene or providing a si-
lencer to eliminate gene function. In some embodiments, the exogenous nucleic
acid sequence provides a translation stop codon to prevent expression of the
gene product. In other embodiments, the exogenous nucleic acid sequences
provide transcription stop element to prevent expression of a full length RNA
molecule. In still other embodiments, gene function is disrupted directly by the
meganuclease by introducing base insertions, base deletions, and/or frameshift

mutations through non-homologous end-joining.

[0136] In many instances, it is desirable to direct the proper genetic sequences
to a target cell or population of cells that is the cause of the disease condition.
Such targeting of therapeutics prevents healthy cells from being targeted by the
therapeutics. This increases the efficacy of the treatment, while decreasing the

potentially adverse effects that the treatment could have on healthy cells.

[0137] Delivery of recombinant meganuclease genes and the sequence of in-
terest to be inserted into the genome to the cells of interest can be accompli-
shed by a variety of mechanisms. In some embodiments, the nucleic acids are
delivered to the cells by way of viruses with particular viral genes inactivated to
prevent reproduction of the virus. Thus, a virus can be altered so that it is cap-

able only of delivery and maintenance within a target cell, but does not retain
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the ability to replicate within the target cell or tissue. One or more DNA se-
guences can be introduced to the altered viral genome, so as to produce a viral
genome that acts like a vector, and may or may not be inserted into a host ge-
nome and subsequently expressed. More specifically, certain embodiments in-
clude employing a retroviral vector such as, but not limited to, the MFG or pLJ
vectors. An MFG vector is a simplified Moloney murine leukemia virus vector
(MoMLV) in which the DNA sequences encoding the pol and env proteins have
been deleted to render it replication defective. A pLJ retroviral vector is also a
form of the MoMLV (see, e.g., Korman et al. (1987), Proc. Nat'l Acad. Sci.,
84:2150-2154). In other embodiments, a recombinant adenovirus or adeno-as-

sociated virus can be used as a delivery vector.

[0138] In other embodiments, the delivery of recombinant meganuclease pro-
tein and/or recombinant meganuclease gene sequences to a target cell is ac-
complished by the use of liposomes. The production of liposomes containing
nucleic acid and/or protein cargo is known in the art (see, e.g., Lasic et al.
(1995), Science 267: 1275-76). Immunoliposomes incorporate antibodies
against cell-associated antigens into liposomes, and can delivery DNA sequen-
ces for the meganuclease or the meganuclease itself to specific cell types (see,
e.g., Lasic et al. (1995), Science 267: 1275-76; Young et al. (2005), J. Calif.
Dent. Assoc. 33(12): 967-71; Pfeiffer et al. (2006), J. Vasc. Surg. 43(5):1021-7).
Methods for producing and using liposome formulations are well known in the
art, (see, e.g., U.S. Pat. No. 6,316,024, U.S. Pat. No. 6,379,699, U.S. Pat. No.
6,387,397, U.S. Pat. No. 6,511,676 and U.S. Pat. No. 6,593,308, and referen-
ces cited therein). In some embodiments, liposomes are used to deliver the se-
quences of interest as well as the recombinant meganuclease protein or re-

combinant meganuclease gene sequences.

7. Methods for Treating Pathogen Infection.

[0139] Disclosed are methods of treating infection by a pathogen. Pathogenic
organisms include viruses such as, but not limited to, herpes simplex virus 1,

herpes simplex virus 2, human immunodeficiency virus 1, human immunodefi-



10

15

20

25

30

DK/EP 2360244 T3

64

ciency virus 2, variola virus, polio virus, Epstein-Barr virus, and human papillo-
ma virus and bacterial organisms such as, but not limited to, Bacillus anthracis,
Haemophilus species, Pneumococcus species, Staphylococcus aureus, Strep-
fococcus species, methicillin-resistant Staphylococcus aureus, and Mycoplasma
tuberculosis. Pathogenic organisms also include fungal organisms such as, but
not limited to, Candida, Blastomyces, Cryptococcus, and Histoplasma species.

[0140] In some embodiments, a rationally-designed meganuclease can be tar-
geted to a recognition sequence within the pathogen genome, e.g., to a gene or
regulatory element that is essential for growth, reproduction, or toxicity of the
pathogen. In certain embodiments, the recognition sequence may be in a bacte-
rial plasmid. Meganuclease-mediated cleavage of a recognition sequence in a
pathogen genome can stimulate mutation within a targeted, essential gene in
the form of an insertion, deletion or frameshift, by stimulating non-homologous
end-joining. Alternatively, cleavage of a bacterial plasmid can result in loss of
the plasmid along with any genes encoded on it, such as toxin genes (e.g., B.
anthracis Lethal Factor gene) or antibiotic resistance genes. As noted above,
the meganuclease may be delivered to the infected patient, animal, or plant in
either protein or nucleic acid form using techniques that are common in the art.
In certain embodiments, the meganuclease gene may be incorporated into a
bacteriophage genome for delivery to pathogenic bacteria.

[0141] Also disclosed are therapeutics for the treatment of certain forms of can-
cer. Because human viruses are often associated with tumor formation (e.g.,
Epstein-Barr Virus and nasopharyngeal carcinomas; Human Papilloma Virus
and cervical cancer) inactivation of these viral pathogens may prevent cancer
development or progression. Alternatively, double-stranded breaks targeted to
the genomes of these tumor-associated viruses using rationally-designed me-
ganucleases may be used to trigger apoptosis through the DNA damage re-
sponse pathway. In this manner, it may be possible to selectively induce apop-

tosis in tumor cells harboring the viral genome.

8. Methods for Genotyping and Pathogen Identification
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[0142] Also disclosed are tools for in vitro molecular biology research and de-
velopment. It is common in the art to use site-specific endonucleases (e.g., re-
striction enzymes) for the isolation, cloning, and manipulation of nucleic acids
such as plasmids, PCR products, BAC sequences, YAC sequences, viruses,
and genomic sequences from eukaryotic and prokaryotic organisms (see, e.g.,
Ausubel et al., Current Protocols in Molecular Biology, Wiley 1999). Thus, in
some embodiments, a rationally-designed meganuclease may be used to ma-
nipulate nucleic acid sequences in vitro. For example, rationally-designed me-
ganucleases recognizing a pair of recognition sequences within the same DNA
molecule can be used to isolate the intervening DNA segment for subsequent

manipulation such as ligation into a bacterial plasmid, BAC, or YAC.

[0143] In another aspect, disclosed are tools for the identification of pathogenic
genes and organisms. In one embodiment, rationally-designed meganucleases
can be used to cleave recognition sites corresponding to polymorphic genetic
regions correlated to disease to distinguish disease-causing alleles from healthy
alleles (e.g., a rationally-designed meganuclease which recognizes the AF-508
allele of the human CFTR gene, see example 4). In this embodiment, DNA se-
quences isolated from a human patient or other organism are digested with a
rationally-designed meganuclease, possibly in conjunction with additional site-
specific nucleases, and the resulting DNA fragment pattern is analyzed by gel
electrophoresis, capillary electrophoresis, mass spectrometry, or other methods
known in the art. This fragmentation pattern and, specifically, the presence or
absence of cleavage by the rationally-designed meganuclease, indicates the
genotype of the organism by revealing whether or not the recognition sequence
is present in the genome. In another embodiment, a rationally-designed mega-
nuclease is targeted to a polymorphic region in the genome of a pathogenic vi-
rus, fungus, or bacterium and used to identify the organism. In this embodiment,
the rationally-designed meganuclease cleaves a recognition sequence that is
unique to the pathogen (e.g., the spacer region between the 16S and 23S rRNA
genes in a bacterium; see, e.g., van der Giessen et al. (1994), Microbiology
140:1103-1108) and can be used to distinguish the pathogen from other close-
ly-related organisms following endonuclease digest of the genome and subse-
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guent analysis of the fragmentation pattern by electrophoresis, mass spectrom-
etry, or other methods known in the art.

9. Methods for the Production of Custom DNA-binding Domains.

[0144] In another aspect, disclosed are rationally-designed DNA-binding pro-
teins that lack endonuclease cleavage activity. The catalytic activity of a ratio-
nally-designed meganuclease can be eliminated by mutating amino acids invol-
ved in catalysis (e.g., the mutation of Q47 to E in I-Crel, see Chevalier et al.
(2001), Biochemistry. 43:14015-14026); the mutation of D44 or D145 to N in I-
Scel; the mutation of E66 to Q in I-Ceul; the mutation of D22 to N in [-Msol).
The inactivated meganuclease can then be fused to an effector domain from
another protein including, but not limited to, a transcription activator (e.g., the
GAL4 transactivation domain or the VP16 transactivation domain), a transcrip-
tion repressor (e.g., the KRAB domain from the Kruppel protein), a DNA
methylase domain (e.g., M.CviPl or M.Sssl), or a histone acetyltransferase do-
main (e.g., HDAC1 or HDAC2). Chimeric proteins consisting of an engineered
DNA-binding domain, most notably an engineered zinc finger domain, and an
effector domain are known in the art (see, e.g., Papworth et al. (2006), Gene
366:27-38).

EXAMPLES

[0145] Examples not pertaining to the invention are for illustrative purposes on-
ly. Examples 1-4 below refer specifically to rationally-designed meganucleases
based on I-Crel, but rationally-designed meganucleases based on |-Scel, I-
Msol, I-Ceul, and other LAGLIDADG meganucleases can be similarly produced

and used, as described herein.

EXAMPLE 1

Rational Design of Meganucleases Recognizing the HIV-1 TAT Gene

1. Meganuclease Design.
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[0146] A pair of meganucleases were designed to recognize and cleave the
DNA site 5'-GAAGAGCTCATCAGAACAGTCA-3' (SEQ ID NO: 15) found in the
HIV-1 TAT Gene. In accordance with Table 1, two meganucleases, TAT1 and
TAT2, were designed to bind the half-sites 5'-GAAGAGCTC-3' (SEQ ID NO: 16)
and 5'-TGACTGTTC-3' (SEQ ID NO: 17), respectively, using the following base
contacts (non-WT contacts are in bold):

TATT:
[0147]

Position

?Contact Residues

TAT2:

[0148]

M e — . _5 ......... Ta— T
B Fa— Pl D P T
Contact Residues C32 |R33 N30/ Q38 R28/E40 M66 :S26/R77 Y68

[0149] The two enzymes were cloned, expressed in E. coli, and assayed for
enzyme activity against the corresponding DNA recognition sequence as de-
scribed below. In both cases, the rationally-designed meganucleases were
found to be inactive. A second generation of each was then produced in which
E80 was mutated to Q to improve contacts with the DNA backbone. The second
generation TAT2 enzyme was found to be active against its intended recogni-
tion sequence while the second generation TAT1 enzyme remained inactive.
Visual inspection of the wild-type |-Crel co-crystal structure suggested that
TAT1 was inactive due to a steric clash between R40 and K28. To alleviate this
clash, TAT1 variants were produced in which K28 was mutated to an amino
acid with a smaller side chain (A, S, T, or C) while maintaining the Q80 muta-

tion. When these enzymes were produced in E. coli and assayed, the TAT1 var-
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iants with S28 and T28 were both found to be active against the intended
recognition sequence while maintaining the desired base preference at position
-7.

2. Construction of Recombinant Meganucleases.

[0150] Mutations for the redesigned I-Crel enzymes were introduced using mu-
tagenic primers in an overlapping PCR strategy. Recombinant DNA fragments
of I-Crel generated in a primary PCR were joined in a secondary PCR to pro-
duce full-length recombinant nucleic acids. All recombinant I-Crel constructs
were cloned into pET21a vectors with a six histidine tag fused at the 3' end of
the gene for purification (Novagen Corp., San Diego, CA). All nucleic acid se-
quences were confirmed using Sanger Dideoxynucleotide sequencing (see
Sanger et al. (1977), Proc. Natl. Acad. Sci. USA. 74(12): 5463-7).

[0151] Wild-type I-Crel and all engineered meganucleases were expressed and
purified using the following method. The constructs cloned into a pET21a vector
were transformed into chemically competent BL21 (DE3) pLysS, and plated on
standard 2xYT plates containing 200 pg/ml carbanicillin. Following overnight
growth, transformed bacterial colonies were scraped from the plates and used
to inoculate 50 ml of 2XYT broth. Cells were grown at 37°C with shaking until
they reached an optical density of 0.9 at a wavelength of 600 nm. The growth
temperature was then reduced from 37°C to 22°C. Protein expression was in-
duced by the addition of 1mM IPTG, and the cells were incubated with agitation
for two and a half hours. Cells were then pelleted by centrifugation for 10 min. at
6000 xg. Pellets were resuspended in 1ml binding buffer (20 mM Tris-HCL, pH
8.0, 500 mM NaCl, 10 mM imidazole) by vortexing. The cells were then disrup-
ted with 12 pulses of sonication at 50% power and the cell debris was pelleted
by centrifugation for 15 min. at 14,000 xg. Cell supernatants were diluted in 4 ml
binding buffer and loaded onto a 200 ul nickel-charged metal-chelating Se-

pharose column (Pharmacia).

[0152] The column was subsequently washed with 4 ml wash buffer (20 mM
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Tris-HCI, pH 8.0, 500 mM NaCl, 60 mM imidazole) and with 0.2 ml elution buffer
(20 mM Tris-HCI, pH 8.0, 500 mM NaCl, 400 mM imidazole). Meganuclease
enzymes were eluted with an additional 0.6 ml of elution buffer and concentra-
ted to 50-130 pl using Vivospin disposable concentrators (ISC, Inc., Kaysville,
UT). The enzymes were exchanged into SA buffer (25 mM Tris-HCL, pH 8.0,
100 mM NacCl, 5 mM MgC1,, 5mM EDTA) for assays and storage using Zeba
spin desalting columns (Pierce Biotechnology, Inc., Rockford, IL). The enzyme
concentration was determined by absorbance at 280 nm using an extinction co-
efficient of 23,590 M'cm™. Purity and molecular weight of the enzymes was

then confirmed by MALDI-TOF mass spectrometry.

[0153] Heterodimeric enzymes were produced either by purifying the two pro-
teins independently, and mixing them in vitro or by constructing an artificial ope-
ron for tandem expression of the two proteins in E. coli. In the former case, the
purified meganucleases were mixed 1:1 in solution and pre-incubated at 42°C
for 20 minutes prior to the addition of DNA substrate. In the latter case, the two
genes were cloned sequentially into the pET-21a expression vector using Ndell-
EcoRI and EcoRIiIHindlll. The first gene in the operon ends with two stop co-
dons to prevent read-through errors during transcription. A 12-base pair nucleic
acid spacer and a Shine-Dalgarno sequence from the pET21 vector separated
the first and second genes in the artificial operon.

3. Cleavage Assays.

[0154] All enzymes purified as described above were assayed for activity by in-
cubation with linear, double-stranded DNA substrates containing the meganu-
clease recognition sequence. Synthetic oligonucleotides corresponding to both
sense and antisense strands of the recognition sequence were annealed and
were cloned into the Smal site of the pUC19 plasmid by blunt-end ligation. The
sequences of the cloned binding sites were confirmed by Sanger dideoxynu-
cleotide sequencing. All plasmid substrates were linearized with Xmnl, Scal or
Bpml concurrently with the meganuclease digest. The enzyme digests con-
tained 5 pl 0.05 uM DNA substrate, 2.5 yl 5 pM recombinant I-Crel meganu-
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clease, 9.5 pl SA buffer, and 0.5 pl Xmnl, Scal, or Boml. Digests were incuba-
ted at either 37°C, or 42°C for certain meganuclease enzymes, for four hours.
Digests were stopped by adding 0.3 mg/ml Proteinase K and 0.5% SDS, and
incubated for one hour at 37°C. Digests were analyzed on 1.5% agarose and

visualized by ethidium bromide staining.

[0155] To evaluate meganuclease half-site preference, rationally-designed me-
ganucleases were incubated with a set of DNA substrates corresponding to a
perfect palindrome of the intended half-site as well as each of the 27 possible
single-base-pair substitutions in the half-site. In this manner, it was possible to

determine how tolerant each enzyme is to deviations from its intended half-site.

4. Recognition Sequence-Specificity.

[0156] Purified recombinant TAT1 and TAT2 meganucleases recognized DNA
sequences that were distinct from the wild-type meganuclease recognition se-
quence (Fig. 2(B)). The wild-type I-Crel meganuclease cleaves the WT recogni-
tion sequence, but cuts neither the intended sequence for TAT nor the intended
sequence for TAT2. TAT1 and TAT2, likewise, cut their intended recognition
sequences but not the wild-type sequence. The meganucleases were then
evaluated for half-site preference and overall specificity (Fig 3). Wild-type I-Crel
was found to be highly tolerant of single-base-pair substitutions in its natural
half-site. In contrast, TAT 1 and TAT2 were found to be highly-specific and
completely intolerant of base substitutions at positions -1, -2, -3, -6, and -8 in
the case of TAT1, and positions -1, -2, and -6 in the case of TAT2.

EXAMPLE 2

Rational Design of Meganucleases with Altered DNA-Binding Affinity

1. Meganucleases with increased affinity and increased activity.

[0157] The meganucleases CCR1 and BRP2 were designed to cleave the half-
sites 5-AACCCTCTC-3' (SEQ ID NO: 18) and 5-CTCCGGGTC-3' (SEQ ID NO:
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19), respectively. These enzymes were produced in accordance with Table 1 as
in Example 1:

CCR1:

[0158]

Posion T
M A

?Contact Residues N 2

BRP2:
[0159]

Position 9 8 6 5 4 3 2
Base c I ¢ ¢ I e 1T ¢
Contact Residues 32 iC33 §R30/ E38 iR28/E40 :R42 S26/R77 iR68 Q44 :R70

[0160] Both enzymes were expressed in E. coli, purified, and assayed as in
Example 1. Both first generation enzymes were found to cleave their intended
recognition sequences with rates that were considerably below that of wild-type
I-Crel with its natural recognition sequence. To alleviate this loss in activity, the
DNA-binding affinity of CCR1 and BRP2 was increased by mutating E80 to Q in
both enzymes. These second-generation versions of CCR1 and BRP2 were
found to cleave their intended recognition sequences with substantially in-
creased catalytic rates.

2. Meganucleases with decreased DNA-binding affinity and decreased ac-

tivity but increased specificity.

[0161] Wild-type I-Crel was found to be highly-tolerant of substitutions to its
half-site (Fig. 3(A)). In an effort to make the enzyme more specific, the lysine at

position 116 of the enzyme, which normally makes a salt-bridge with a phos-



DK/EP 2360244 T3

72

phate in the DNA backbone, was mutated to aspartic acid to reduce DNA-
binding affinity. This rationally-designed enzyme was found to cleave the wild-
type recognition sequence with substantially reduced activity but the recombi-
nant enzyme was considerably more specific than wild-type. The half-site prefe-
5 rence of the K116D variant was evaluated as in Example 1 and the enzyme was
found to be entirely intolerant of deviation from its natural half-site at positions
-1, -2, and -3, and displayed at least partial base preference at the remaining 6

positions in the half-site (Fig. 3(B)).
EXAMPLE 3

10 Rationally-Designed Meganuclease Heterodimers

1. Cleavage of non-palindromic DNA sites by meganuclease heterodimers

formed in solution.

[0162] Two meganucleases, LAM1 and LAM2, were designed to cleave the

15 half-sites 5'-TGCGGTGTC-3' (SEQ ID NO: 20) and 5-CAGGCTGTC-3' (SEQ ID
NO: 21), respectively. The heterodimer of these two enzymes was expected to
recognize the DNA sequence 5-TGCGGTGTCCGGCGACAGCCTG-3' (SEQ ID
NO: 22) found in the bacteriophage A p05 gene.

LAM1:
20
[0163]
Dol _§_Z .......................................................................................................................................
r—— gf ............ ER U S P . R S P

e

?Contact Residues §C32 ‘R3 .R30/ E38

LAM2:

25 [0164]
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Contact Residues 1832 Y33 [E30/R38 R40 K28/E42 Q26 R68 Q44 R70

[0165] LAM1 and LAM 2 were cloned, expressed in E. coli, and purified indivi-
dually as described in Example 1. The two enzymes were then mixed 1:1 and
incubated at 42°C for 20 minutes to allow them to exchange subunits and re-
equilibrate. The resulting enzyme solution, expected to be a mixture of LAM1
homodimer, LAM2 homodimer, and LAM1/LAM2 heterodimer, was incubated
with three different recognition sequences corresponding to the perfect palin-
drome of the LAM1 half site, the perfect palindrome of the LAM2 half-site, and
the non-palindromic hybrid site found in the bacteriophage A genome. The puri-
fied LAM1 enzyme alone cuts the LAM1 palindromic site, but neither the LAM2
palindromic site, nor the LAM1/LAM2 hybrid site. Likewise, the purified LAM2
enzyme alone cuts the LAM2 palindromic site but neither the LAM1 palindromic
site nor the LAM1/LAM2 hybrid site. The 1:1 mixture of LAM1 and LAM2, how-
ever, cleaves all three DNA sites. Cleavage of the LAM1/LAM2 hybrid site indi-
cates that two distinct redesigned meganucleases can be mixed in solution to
form a heterodimeric enzyme capable of cleaving a non-palindromic DNA site.

2. Cleavage of non-palindromic DNA sites by meganuclease heterodimers

formed by co-expression.

[0166] Genes encoding the LAM1 and LAM2 enzymes described above were
arranged into an operon for simultaneous expression in E. coli as described in
Example 1. The co-expressed enzymes were purified as in Example 1 and the
enzyme mixture incubated with the three potential recognition sequences de-
scribed above. The co-expressed enzyme mixture was found to cleave all three
sites, including the LAM1/LAM2 hybrid site, indicating that two distinct rationally-
designed meganucleases can be co-expressed to form a heterodimeric enzyme

capable of cleaving a non-palindromic DNA site.
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3. Preferential cleavage of non-palindromic DNA sites by meganuclease

heterodimers with modified protein-protein interfaces.

[0167] For applications requiring the cleavage of non-palindromic DNA sites, it
is desirable to promote the formation of enzyme heterodimers while minimizing
the formation of homodimers that recognize and cleave different (palindromic)
DNA sites. To this end, variants of the LAM1 enzyme were produced in which
lysines at positions 7, 57, and 96 were changed to glutamic acids. This enzyme
was then co-expressed and purified as in above with a variant of LAM2 in which
glutamic acids at positions 8 and 61 were changed to lysine. In this case, for-
mation of the LAM1 homodimer was expected to be reduced due to electrostatic
repulsion between E7, E57, and E96 in one monomer and E8 and E61 in the
other monomer. Likewise, formation of the LAM2 homodimer was expected to
be reduced due to electrostatic repulsion between K7, K57, and K96 on one
monomer and K8 and K61 on the other monomer. Conversely, the LAM1/LAM2
heterodimer was expected to be favored due to electrostatic attraction between
E7, E57, and E96 in LAM and K8 and K61 in LAM2. When the two meganuclea-
ses with modified interfaces were co-expressed and assayed as described
above, the LAM1/LAM2 hybrid site was found to be cleaved preferentially over
the two palindromic sites, indicating that substitutions in the meganuclease pro-
tein-protein interface can drive the preferential formation of heterodimers.

EXAMPLE 4

Additional Meganuclease Heterodimers Which Cleave Physiologic DNA
Sequences

1. Meganuclease heterodimers which cleave DNA sequences relevant to
gene therapy.

[0168] A rationally-designed meganuclease heterodimer (ACH1/ACH2) can be
produced that cleaves the sequence 5-CTGGGAGTCTCAGGACAGCCTG-3'
(SEQ ID NO: 23) in the human FGFR3 gene, mutations in which cause achon-
droplasia. For example, a meganuclease was designed based on the I-Crel
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meganuclease, as described above, with the following contact residues and
recognition sequence half-sites:

ACH1:

5 [0169]
Posiion | 9 8 2z 6 5 4 3 2 1
Base c I G G G A G I ¢
Contact Residues D32 €33 [E30/R38 R40/D28 |R42 A26/Q77 R68 Q44 R70

ACH2:

[0170]

[0171] A rationally-designed meganuclease heterodimer (HGH1/HGH2) can be
produced that cleaves the sequence 5-CCAGGTGTCTCTGGACTCCTCC-3'
(SEQ ID NO: 24) in the promoter of the Human Growth Hormone gene. For ex-
ample, a meganuclease was designed based on the |-Crel meganuclease, as
15 described above, with the following contact residues and recognition sequence

half-sites:
HGH1:
[0172]
Position 9 8 6 5 4 3 2

Contact Residues D32 (C33 N30/Q38 R40/D28 R42 Q26 [R68 Q44 R70

20
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HGH2:
[0173]
Position s 8 g I R R R
Base & & & Ie 6 A c

.Contact Residues (K32

IN30/Q38 R40/D28 |R42 A26 §R68 Q44 ‘R70
[0174] A rationally-designed meganuclease heterodimer (CF1/CF2) can be pro-
duced that cleaves the sequence 5'-GAAAATATCATTGGTGTTTCCT-3' (SEQ
ID NO: 25) in the AF508 allele of the human CFTR gene. For example, a mega-
nuclease was designed based on the |-Crel meganuclease, as described
above, with the following contact residues and recognition sequence half-sites:

CF1:
[0175]
Postion I ¥ FA

ContactRes,(jues ..... 3 2 ..... 3 3N3/ ...... 3840K2Q26 ..... |-|68/(;24 ........ Q14R70 .....

CF2:

[0176]

Position 9 8 7 6 5 4 3 2 i
Base A A C A C
T TR TR TR TR T

[0177] A rationally-designed meganuclease heterodimer (CCR1/CCR2) can be
produced that cleaves the sequence 5-AACCCTCTCCAGTGAGATGCCT-3'
(SEQ ID NO: 26) in the human CCRS gene (an HIV co-receptor). For example,

a meganuclease was designed based on the 1-Crel meganuclease, as de-
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scribed above, with the following contact residues and recognition sequence

half-sites:

CCR1:

[0178]

R e ] e e e R e g e e e e

 Position

‘Base

?ConmctResMues

CCR2:

[0179]

?PosMon

A A A A A A A A A A A A A A A A A E A A AR A AR AR A AR A A AR A A A TR AR A AR AR A AR A AR AR

[0180] A rationally-designed meganuclease heterodimer (MYD1/MYD2) can be
produced that cleaves the sequence 5-GACCTCGTCCTCCGACTCGCTG-3'
(SEQ ID NO: 27) in the 3' untranslated region of the human DM kinase gene.

For example, a meganuclease was designed based on the |-Crel meganucle-

ase, as described above, with the following contact residues and recognition

sequence half-sites:

MYD1:

[0181]

?Posmon

‘Base

?ConmctResMues

¥
3

§ 6
1al
B
==
3

3

h

H
iC
H

\E40/ R28

H
N

H 3
3 3
3 3
{ —

3

3

3

‘R68 iQ44 iR70 |
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Position

‘Base

%Contact Residues

2. Meganuclease heterodimers which cleave DNA sequences in pathogen

dgenomes.

[0183] A rationally-designed meganuclease heterodimer (HSV1/HSV2) can be
produced that cleaves the sequence 5-CTCGATGTCGGACGACACGGCA-3'
(SEQ ID NO: 28) in the UL36 gene of Herpes Simplex Virus-1 and Herpes Sim-
plex Virus-2. For example, a meganuclease was designed based on the 1-Crel

meganuclease, as described above, with the following contact residues and

recognition sequence half-sites:

HSV1:
[0184]
S — T T
Base c I c G A I 6 I ¢
Contact Residues S32 @ R30/E38 :R40/ iQ42K28 Q26 :R68 fQ44 R70
HSV2:
[0185]
Position 9 8 7 6 5 4 3 2 i1
Base I G ¢C c G I & I ¢
?Contact Residues C32 R33 R30/E38 [E40/R28 R42 Q26 R68 Q44 R70
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[0186] A rationally-designed meganuclease heterodimer (ANT1/ANT2) can be
produced that cleaves the sequence 5-ACAAGTGTCTATGGACAGTTTA-3
(SEQ ID NO: 29) in the Bacillus anthracis genome. For example, a meganu-
clease was designed based on the 1-Crel meganuclease, as described above,

with the following contact residues and recognition sequence half-sites:

ANT1:
[0187]
T e T
Base ................................... A g

TV T TVURY. PEETETTE FEUETERR NUUETEEPrrRrTEITTT TRV (TP PTRRTIETT PR APRTETTP: TR ey

Contact Residues ~ |N32 €33 N30/Q38 Q40/A28 R42 Q26 R68 Q44

ANT2:
[0188]
e P TR T TS
—————— . QI .............. R T
Contact Residues C32 Y33 N30/Q38 Q40 [E42 Q26 R68 Q44 R70

[0189] A rationally-designed meganuclease heterodimer (POX1/POX2) can be
produced that cleaves the sequence 5-AAAACTGTCAAATGACATCGCA-3'
(SEQ ID NO: 30) in the Variola (smallpox) virus gp009 gene. For example, a
meganuclease was designed based on the 1-Crel meganuclease, as described
above, with the following contact residues and recognition sequence half-sites:

POX1:
[0190]
?Position ﬁ ﬁ 7 6 ﬁ ﬁ ﬁ 2 i
ContactResidues  N&2  C33 éN30/Q38 Qa0 K28 Q26 Res §Q44 §R70
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[0191]
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Position
‘Base '

'R68 Q44 R70 |

i
H
H
H
H
H
H
H
H

[0192] A rationally-designed meganuclease homodimer (EBB1/EBB1) can be

produced that cleaves the pseudo-palindromic sequence 5'-
CGAGGCCTCC-3' (SEQ ID NO: 31) in the Epstein-Baw Vir

CGGGGTCTCGTG-
us BALF2 gene. For

example, a meganuclease was designed based on the I-Crel meganuclease, as

described above, with the following contact residues and recognition sequence

half-sites:

EBB1:

'R40/ D28

EBB1:

[0194]

S

s & QA ........................ P P |
Contact Residues |S32 R33 D30/Q38 R40/D28 R42 Q26 Y68/ K24 Q44 R70 |

3. Meganuclease heterodimers which cleave DNA sequences in plant ge-

nomes.
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[0195] A rationally-designed meganuclease heterodimer (GLA1/GLA2) can be
produced that cleaves the sequence 5-CACTAACTCGTATGAGTCGGTG-3'
(SEQ ID NO: 32) in the Arabidopsis thalianna GL2 gene. For example, a mega-
nuclease was designed based on the 1-Crel meganuclease, as described

above, with the following contact residues and recognition sequence half-sites:

GLA1:
[0196]
;'E;;;}'t'i;;;{ ............................................................................................................................ _4_3

¥
\C
3
3

‘Base

§
b 3
by 3
7 ¥
by 3
; 68/ K 4 i
b Y :2 H
b 3
b 3
by H
by H
by H
b3 By

1840/ C79 |

?ConmctReSMues

GLA2:

[0197]

R R R

?Posmon

[0198] A rationally-designed meganuclease heterodimer (BRP1/BRP2) can be
produced that cleaves the sequence 5-TGCCTCCTCTAGAGACCCGGAG-3'
(SEQ ID NO: 33) in the Arabidopsis thalianna BP1 gene. For example, a mega-
nuclease was designed based on the 1-Crel meganuclease, as described

above, with the following contact residues and recognition sequence half-sites:

BRP1:
[0199]
Contact Residues | C32 R33 R30/E38 R28/E40 Keb Q26/ET7 Y68/K24 Q44 RIO0.
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BRP2:
[0200]
Position ﬁ

S R A e B R

by
by
iC
b
T
b
b
by

?Contact Residues

§mm
5 [0201] A rationally-designed meganuclease heterodimer (MGC1/MGC2) can be
produced that cleaves the sequence 5-TAAAATCTCTAAGGTCTGTGCA-3'
(SEQ ID NO: 34) in the Nicotiana tabacum Magnesium Chelatase gene. For
example, a meganuclease was designed based on the 1-Crcl meganuclease,
as described above, with the following contact residues and recognition se-

10 quence half-sites:

MGC1:

[0202]

ContactResidues €32 Y33 N30/Q38 Q40/ K28 Q26 Y68/K24 Q44 R70

MGC2:

15
[0203]
Eositon 2 2 2 8 5 4 3 2 A
Base T '\Q -C A c :A :Q A 'g
Contact Residues  -S3 2R33R30/E38040 K28 A26077R68T44R7 0

[0204] A rationally-designed meganuclease heterodimer (CYP/HGH2) can be
produced that cleaves the sequence 5-CAAGAATTCAAGCGAGCATTAA-3'
20 (SEQ ID NO: 35) in the Nicotiana tabacum CYP82E4 gene. For example, a me-
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ganuclease was designed based on the 1-Crel meganuclease, as described
above, with the following contact residues and recognition sequence half-sites:

CYP:
[0205]
Posion 9 & Z = £ 5 4 3 2
Base C A A G A A I I ¢
ContactResidues D32 Y33 N30/Q38 (R40/ K28 Q77/A2 Y68 Q44 R70 |

HGH2:
[0206]
Position -9 -8 7 -6 ﬁ 4 =3 2 i
Base I I A A I & c I <
Contact Residues  :S32 C33 N30/Q38 Q40 K66 R77/S26 Y68K24 Q44 R70

4. Meganuclease heterodimers which cleave DNA sequences in yeast ge-

nomes.

[0207] A rationally-designed meganuclease heterodimer (URA1/URA2) can be
produced that cleaves the sequence 5-TTAGATGACAAGGGAGACGCAT-3'
(SEQ ID NO: 36) in the Saccharomyces cerevisiae URA3 gene. For example, a
meganuclease was designed based on the |-Crel meganuclease, as described
above, with the following contact residues and recognition sequence half-sites:

URA1:
[0208]
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o ey e T e s s v T
URAZ2:
[0209]
Base A I G C 6 I ¢ I c

5. Recognition Sequence Specificity.

[0210] The rationally-designed meganucleases outlined above in this Example
were cloned, expressed in E. coli, and purified as in Example 1. Each purified
meganuclease was then mixed 1:1 with its corresponding heterodimerization
partner (e.g., ACH1 with ACH2, HGH1 with HGH2, etc.) and incubated with a
linearized DNA substrate containing the intended non-palindromic DNA recogni-
tion sequence for each meganuclease heterodimer. As shown in Figure 3, each

rationally-designed meganuclease heterodimer cleaves its intended DNA site.

SEQUENCE LISTING

[0211]
<110> Precision Biosciences
<120> RATIONALLY-DESIGNED MEGANUCLEASES WITH ALTERED
SEQUENCE
SPECIFICITY AND DNA-BINDING AFFINITY
<130> 111-046T1-T5

<140> 60/727,512
< 141> 2005-10-18

<150> 06 826 293.0
< 151> 2006-10-18
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<160> 37
<170> Patentln Ver. 3.3

<210>1

< 211> 163

<212>PRT

< 213> Chlamydomonas reinhardtii

<400> 1
Met Asn Thr Lys Tyr Asn Lys Glu Phe Leu Leu Tyr Leu Ala Gly Phe
1 5 10 15

Val Asp Gly Asp Gly Ser Ile Ile Ala Gln Ile Lys Pro Asn Gln Ser
20 25 30

Tyr Lys Phe Lys His Gln Leu Ser Leu Ala Phe Gln Val Thr Gln Lys
35 40 45

Thr Gln Arg Arg Trp Phe Leu Asp Lys Leu Val Asp Glu Ile Gly Val
50 55 60

Gly Tyr Val Arg Asp Arg Gly Ser Val Ser Asp Tyr Ile Leu Ser Glu
65 70 75 80

Ile Lys Pro Leu His Asn Phe Leu Thr Gln Leu Gln Pro Phe Leu Lys
85 90 95

Leu Lys Gln Lys Gln Ala Asn Leu Val Leu Lys Ile Ile Trp Arg Leu
100 105 110

Pro Ser Ala Lys Glu Ser Pro Asp Lys Phe Leu Glu Val Cys Thr Trp
115 120 125

Val Asp Gln Ile Ala Ala Leu Asn Asp Ser Lys Thxr Arg Lys Thr Thr
130 135 140

Ser Glu Thr Val Arg Ala Val Leu Asp Ser Leu Ser Glu Lys Lys Lys
145 150 155 160

Ser Ser Pro

<210> 2

<211> 22

< 212> DNA

< 213> Chlamydomonas reinhardtii

<400> 2
gaaactgtct cacgacgttt tg 22

<210> 3

<211> 22

< 212> DNA

< 213> Chlamydomonas reinhardtii

<400> 3
caaaacgtcg tgagacagtt tc 22
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<210> 4
<211> 22
< 212> DNA
< 213> Chlamydomonas reinhardtii
<400> 4
caaactgtcg tgagacagtt tg 22
<210>5
< 211> 22
< 212> DNA
< 213> Chlamydomonas reinhardtii
<400> 5
caaactgtct cacgacagtt tg 22
<210> 6
<211>170
< 212> PRT
< 213> Monomastix sp.
<400> 6

Met Thr Thr Lys Asn Thr Leu Gln Pro Thr Glu Ala Ala Tyr Ile Ala

1 5 10 15
Gly Phe Leu Asp Gly Asp Gly Ser Ile Tyr Ala Lys Leu Ile Pro Arg

20 25 30
Pro Asp Tyr Lys Asp Ile Lys Tyr Gln Val Ser Leu Ala Ile Ser Phe
35 40 45
Ile Gln Arg Lys Asp Lys Phe Pro Tyr Leu Gln Asp Ile Tyr Asp Gln
50 55 60

Leu Gly Lys Arg Gly Asn Leu Arg Lys Asp Arg Gly Asp Gly Ile Ala

65 70 75 80
Asp Tyr Thr Ile Ile Gly Ser Thr His Leu Ser Ile Ile Leu Pro Asp

85 90 95
Leu Val Pro Tyr Leu Arg Ile Lys Lys Lys Gln Ala Asn Arg Ile Leu
100 105 110
His Ile Ile Asn Leu Tyr Pro Gln Ala Gln Lys Asn Pro Ser Lys Phe
115 120 125
Leu Asp Leu Val Lys Ile Val Asp Asp Val Gln Asn Leu Asn Lys Arg
130 135 140

Ala Asp Glu Leu Lys Ser Thr Asn Tyr Asp Arg Leu Leu Glu Glu Phe
145 150 155 160
Leu Lys Ala Gly Lys Ile Glu Ser Ser Pro

165 170

<210>7
<211> 22



10

15

87

< 212> DNA
< 213> Monomastix sp.

<400>7
cagaacgtcg tgagacagtt cc 22

<210> 8

<211> 22

< 212> DNA

< 213> Monomastix sp.

<400> 8
ggaactgtct cacgacgttc tg 22

<210>9

< 211> 235

<212> PRT

< 213> Saccharomyces cerevisiae

<400> 9

DK/EP 2360244 T3

Met Lys Asn Ile Lys Lys Asn Gln Val
1 5

Lys Leu Leu Lys Glu Tyr Lys Ser Gln
20 25

Gln Phe Glu Ala Gly Ile Gly Leu Ile
35 40

Ser Arg Asp Glu Gly Lys Thr Tyr Cys
50 55

Lys Ala Tyr Met Asp His Val Cys Leu
65 70

Ser Pro Pro His Lys Lys Glu Arg Val
85

Ile Thr Trp Gly Ala Gln Thr Phe Lys
100 105

Ala Asn Leu Phe Ile Val Asn Asn Lys
115 120

Val Glu Asn Tyr Leu Thr Pro Met Ser
130 135

Asp Gly Gly Lys Trp Asp Tyr Asn Lys

145 150

Met

10

Leu

Leu

Met

Leu

Asn

90

His

Lys

Leu

Asn

Asn

Ile

Gly

Gln

Tyr

75

His

Gln

Thr

Ala

Ser
155

Leu

Glu

Asp

Phe

60

Asp

Leu

Ala

Ile

Tyr

140

Thr

Gly

Leu

Ala

45

Glu

Gln

Gly

Phe

Pro

125

Trp

Asn

Pro

Asn

30

Tyr

Trp

TIp

Asn

Asn

110

Asn

Phe

Lys

Asn

15

Ile

Ile

Lys

val

Leu

Lys

Asn

Met

Ser

Ser

Glu

Arg

Asn

Leu

80

val

Leu

Leu

Asp

Ile
160
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Val Leu Asn Thr Gln Ser Phe Thr Phe Glu Glu Val Glu Tyr Leu Val
165 170 175

Lys Gly Leu Arg Asn Lys Phe Gln Leu Asn Cys Tyr Val Lys Ile Asn
180 185 190

Lys Asn Lys Pro Ile Ile Tyr Ile Asp Ser Met Ser Tyr Leu Ile Phe
195 200 205

Tyr Asn Leu Ile Lys Pro Tyr Leu Ile Pro Gln Met Met Tyr Lys Leu
210 215 220

Pro Asn Thr Ile Ser Ser Glu Thr Phe Leu Lys
225 230 235

<210> 10

<211>18

< 212> DNA

< 213> Saccharomyces cerevisiae

<400> 10
ttaccctgtt atccctag 18

<210> 11

<211>18

< 212> DNA

< 213> Saccharomyces cerevisiae

<400> 11
ctagggataa cagggtaa 18

<210>12

<211> 218

< 212> PRT

< 213> Chlamydomonas eugametos
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Met Ser Asn Phe Ile Leu Lys Pro Gly Glu Lys Leu Pro Gln Asp Lys
Leu Glu Glu Leu Lys Lys Ile Asn Asp Ala Val Lys Lys Thr Lys Asn
Phe Ser Lys Tyr Leu Ile Asp Leu Arg Lys Leu Phe Gln Ile Asp Glu

35 40 45

Val Gln Val Thr Ser Glu Ser Lys Leu Phe Leu Ala Gly Phe Leu Glu
50 55 60

Gly Glu Ala Ser Leu Asn Ile Ser Thr Lys Lys Leu Ala Thr Ser Lys
65 70 75 80

Phe Gly Leu val Val Asp Pro Glu Phe Asn Val Thr Gln His Val Asn
85 90 95

Gly Val Lys Val Leu Tyr Leu Ala Leu Glu Val Phe Lys Thr Gly Arg
100 105 110

Ile Arg His Lys Ser Gly Ser Asn Ala Thr Leu Val Leu Thr Ile Asp
115 120 125

Asn Arg Gln Ser Leu Glu Glu Lys Val Ile Pro Phe Tyr Glu Gln Tyr
130 135 140

Val Val Ala Phe Ser Ser Pro Glu Lys Val Lys Arg Val Ala Asn Phe
145 150 155 160

Lys Ala Leu Leu Glu Leu Phe Asn Asn Asp Ala His Gln Asp Leu Glu

165 170 175
Gln Leu Val Asn Lys Iie Leu Pro Ile Trp Asp Gln Met Arg Lys Gln
180 185 190
Gln Gly Gln Ser Asn Glu Gly Phe Pro Asn Leu Glu Ala Ala Gln Asp
195 200 205
Phe Ala Arg Asn Tyr Lys Lys Gly Ile Lys
210 215
<210> 13
<211> 22
< 212> DNA
< 213> Chlamydomonas eugametos
<400> 13
ataacggtcc taaggtagcg aa 22
<210> 14
<211> 22
< 212> DNA

< 213> Chlamydomonas eugametos

<400> 14
ttcgctacct taggaccgtt at 22
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<210> 15

<211> 22

< 212> DNA

< 213> Artificial Sequence

<220>
< 223> Description of Artificial Sequence: Synthetic oligonucleotide

<400> 15
gaagagctca tcagaacagt ca 22

<210> 16

<211>9

< 212> DNA

< 213> Artificial Sequence

<220>
< 223> Description of Artificial Sequence: Synthetic oligonucleotide

<400> 16
gaagagctc 9

<210> 17

<211>9

< 212> DNA

< 213> Artificial Sequence

<220>
< 223> Description of Artificial Sequence: Synthetic oligonucleotide

<400> 17
tgactgttc 9

<210> 18

<211>9

< 212> DNA

< 213> Artificial Sequence

<220>
< 223> Description of Artificial Sequence: Synthetic oligonucleotide

<400> 18
aaccctcte 9

<210> 19

<211>9

< 212> DNA

< 213> Artificial Sequence
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< 223> Description of Artificial Sequence: Synthetic oligonucleotide

<400> 19
ctccgggte 9

<210> 20

<211>9

< 212> DNA

< 213> Artificial Sequence

<220>

< 223> Description of Artificial Sequence: Synthetic oligonucleotide

<400> 20
tgcggtgtc 9

<210> 21

<211>9

< 212> DNA

< 213> Artificial Sequence

<220>

< 223> Description of Artificial Sequence: Synthetic oligonucleotide

<400> 21
caggctgtc 9

<210> 22
<211> 22
< 212> DNA

< 213> Bacteriophage lamda-p05

<400> 22
tgcggtgtec ggegacagcec tg

<210> 23

<211> 22

< 212> DNA

< 213> Homo sapiens

<400> 23
ctgggagtct caggacagcc tg

<210> 24

<211> 22

< 212> DNA

< 213> Homo sapiens

22

22

DK/EP 2360244 T3
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<400> 24
ccaggtgtct ctggactcct cc 22

<210> 25

<211> 22

< 212> DNA

< 213> Homo sapiens

<400> 25
gaaaatatca ttggtgtttc ct 22

<210> 26

<211> 22

< 212> DNA

< 213> Homo sapiens

<400> 26
aaccctctcc agtgagatgc ct 22

<210> 27

<211> 22

< 212> DNA

< 213> Homo sapiens

<400> 27
gacctegtcc tcecgactege tg 22

<210> 28

<211> 22

< 212> DNA

< 213> Herpes Simplex Virus 2

<400> 28
ctcgatgtcg gacgacacgg ca 22

<210> 29

<211> 22

< 212> DNA

< 213> Bacillus anthracis

<400> 29
acaagtgtct atggacagtt ta 22

<210> 30

<211> 22

< 212> DNA

< 213> Variola virus

DK/EP 2360244 T3
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<400> 30
aaaactgtca aatgacatcg ca 22

<210> 31

< 211> 22

< 212> DNA

< 213> Epstein-Barr Virus

<400> 31
cggggtctcg tgcgaggcect cc 22

<210> 32

<211> 22

< 212> DNA

< 213> Arabidopsis thaliana

<400> 32
cactaactcg tatgagtcgg tg 22

<210> 33

<211> 22

< 212> DNA

< 213> Arabidopsis thaliana

<400> 33
tgcctcctct agagaccegg ag 22

<210> 34

<211> 22

< 212> DNA

< 213> Nicotiana tabacum

<400> 34
taaaatctct aaggtctgtg ca 22

<210> 35

<211> 22

< 212> DNA

< 213> Nicotiana tabacum

<400> 35
caagaattca agcgagcatt aa 22

<210> 36

<211> 22

< 212> DNA

< 213> Saccharomyces cerevisiae

DK/EP 2360244 T3



10

DK/EP 2360244 T3

94
<400> 36
ttagatgaca agggagacgc at 22
<210> 37
<211>9
< 212> PRT
< 213> Artificial Sequence
<220>
< 223> Description of Artificial Sequence: Synthetic peptide motif
<400> 37
Leu Ala Gly Leu Ile Asp Ala Asp Gly
1 5
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Patentkrav

1. Fremgangsmade til fremstilling af en genetisk modificeret eukaryotisk celle
indeholdende en exogen sekvens indsat i et kromosom i den eukaryotiske celle,
omfattende:

transfektion af en eukaryotisk celle med én eller flere nukleinsyrer indeholdende
(i) en fgrste nukleinsyresekvens, der koder for en meganuklease, og

(i) en anden nukleinsyresekvens indeholdende den exogene sekvens;

hvor meganukleasen frembringer et spaltningssted i kromosomet, og den exo-
gene sekvens indsaettes i kromosomet ved spaltningsstedet;

hvor meganukleasen indeholder et polypeptid med mindst 85% sekvenslighed
med resterne 6-160 i I-Msol meganukleasen med SEQ ID NO: 6; og

hvor meganukleasen har specificitet for et genkendelsessekvens-halvsted, der
afviger med mindst ét basepar fra et halvsted i en |-Msol meganuklease-
genkendelsessekvens valgt fra gruppen bestaende af SEQ ID NO: 7 og SEQ ID
NO: 8;

hvor:

(1) specificitet i position -1 er blevet eendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K75, Q77, A49, C49 og K79;

(b) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af C77, L77 og Q79; eller

(c) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestaende
af K77, R77, E49 og E79; og/eller

(2) specificitet i position -2 er blevet sendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af Q75, K81, C47, 147 og L47;

(b) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af E75, D75, R47, K47, K81 og R81; eller

(c) til et G péa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K75, E47 og E81; og/eller

(3) specificitet i position -3 er blevet sendret:
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(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af Q72, C26, L26, V26, A26 og 126;

(b) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af E72, Y72, H26, K26 og R26; eller

(c) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestaende
af K72, Y72 og H26; og/eller

(4) specificitet i position -4 er blevet aendret:

(a) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af K28, K83 og Q28;

(b) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af R83 og K83; eller

(c) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af K28 og Q83; og/eller

(5) specificitet i position -5 er blevet aendret:

(a) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af R45 og E28;

(b) til et T pa en sense-streng ved en modifikation indeholdende Q28; eller

(c) til et C pa en sense-streng ved en modifikation indeholdende R28; og/eller
(6) specificitet i position -6 er blevet sendret:

(a) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af K43, V85, L85 og Q30;

(b) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestaende
af E43, E85, K30 og R30; eller

(c) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af R43, K43, K85, R85, E30 og D30; og/eller

(7) specificitet i position -7 er blevet sendret:

(a) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af E32 og E41;

(b) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af R32, R41 og K41;

(c) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af K32, M41, L41 og 141; og/eller

(8) specificitet i position -8 er blevet aendret:
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(a) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K32 og K35;

(b) til et C p& en sense-streng ved en modifikation indeholdende E32; eller

(c) til et G pa en sense-streng ved en modifikation bestdende af K32, K35 og
R35; og/eller

(9) specificitet i position -9 er blevet sendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af N34 og H34;

(b) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af S34, C34, V34, T34 og A34; eller

(c) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af K34, R34 og H34,

hvor den rekombinante meganuklease ikke indeholder resterne 6-160 i |-Msol
meganukleasen med SEQ ID NO: 6 med kun parret af modifikationer L28 og
R83; og

med det forbehold, at cellen ikke er en human kimcelle eller en human embryo-

nisk celle.

2. Fremgangsmade til fremstilling af en genetisk modificeret eukaryotisk celle
indeholdende en exogen sekvens indsat i et kromosom i den eukaryotiske celle,
omfattende:

indforing af et meganukleaseprotein i en eukaryotisk celle; og

transfektion af den eukaryotiske celle med en nukleinsyresekvens indeholdende
den exogene sekvens;

hvor meganukleasen frembringer et spaltningssted i kromosomet, og den exo-
gene sekvens indsaettes i kromosomet ved spaltningsstedet;

hvor meganukleasen indeholder et polypeptid med mindst 85% sekvenslighed
med resterne 6-160 i 1-Msol meganukleasen med SEQ ID NO: 6; og

hvor meganukleasen har specificitet for et genkendelsessekvens-halvsted, der
afviger med mindst ét basepar fra et halvsted i en [-Msol meganuklease-
genkendelsessekvens valgt fra gruppen bestaende af SEQ ID NO: 7 og SEQ ID
NO: 8;

hvor:
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(1) specificitet i position -1 er blevet eendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K75, Q77, A49, C49 og K79;

(b) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af C77, L77 og Q79; eller

(c) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K77, R77, E49 og E79; og/eller

(2) specificitet i position -2 er blevet sendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af Q75, K81, C47, 147 og L47;

(b) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af E75, D75, R47, K47, K81 og R81; eller

(c) til et G péa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K75, E47 og E81; og/eller

(3) specificitet i position -3 er blevet sendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af Q72, C26, L26, V26, A26 og 126;

(b) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af E72, Y72, H26, K26 og R26; eller

(c) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K72, Y72 og H26; og/eller

(4) specificitet i position -4 er blevet eendret:

(a) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K28, K83 og Q28;

(b) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af R83 og K83; eller

(c) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af K28 og Q83; og/eller

(5) specificitet i position -5 er blevet aendret:

(a) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af R45 og E28;

(b) til et T pa en sense-streng ved en modifikation indeholdende Q28; eller

(c) til et C pa en sense-streng ved en modifikation indeholdende R28; og/eller
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(6) specificitet i position -6 er blevet eendret:

(a) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af K43, V85, L85 og Q30;

(b) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestaende
af E43, E85, K80 og R30; eller

(c) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af R43, K43, K85, R85, E30 og D30; og/eller

(7) specificitet i position -7 er blevet sendret:

(a) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af E32 og E41;

(b) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af R32, R41 og K41;

(c) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K32, M41, L41 og 141; og/eller

(8) specificitet i position -8 er blevet sendret:

(a) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af K32 og K35;

(b) til et C p& en sense-streng ved en modifikation indeholdende E32; eller

(c) til et G pa en sense-streng ved en modifikation bestdende af K32, K35 og
R35; og/eller

(9) specificitet i position -9 er blevet sendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af N34 og H34;

(b) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af S34, C34, V34, T34 og A34; eller

(c) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af K34, R34 og H34,

hvor den rekombinante meganuklease ikke indeholder resterne 6-160 i [-Msol
meganukleasen med SEQ ID NO: 6 med kun parret af modifikationer L28 og
R83; og

med det forbehold, at cellen ikke er en human kimcelle eller en human embryo-

nisk celle.
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3. Fremgangsmade til fremstilling af en genetisk modificeret eukaryotisk celle
ved afbrydelse af en malsekvens i et kromosom i den eukaryotiske celle, omfat-
tende:

transfektion af en eukaryotisk celle med en nukleinsyre, der koder for en mega-
nuklease;

hvor meganukleasen frembringer et spaltningssted i kromosomet, og maélse-
kvensen afbrydes ved ikke-homolog endeforbindelse ved spaltningsstedet;

hvor meganukleasen indeholder et polypeptid med mindst 85% sekvenslighed
med resterne 6-160 i I-Msol meganukleasen med SEQ ID NO: 6; og

hvor meganukleasen har specificitet for et genkendelsessekvens-halvsted, der
afviger med mindst ét basepar fra et halvsted i en I-Msol meganuklease-gen-
kendelsessekvens valgt fra gruppen bestdende af SEQ ID NO: 7 og SEQ ID
NO: 8;

hvor:

(1) specificitet i position -1 er blevet sendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af K75, Q77, A49, C49 og K79;

(b) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af C77, L77 og Q79; eller

(c) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af K77, R77, E49 og E79; og/eller

(2) specificitet i position -2 er blevet aendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af Q75, K81, C47, 147 og L47;

(b) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af E75, D75, R47, K47, K81 og R81; eller

(c) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af K75, E47 og E81; og/eller

(3) specificitet i position -3 er blevet aendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af Q72, C26, L26, V26, A26 og 126;

(b) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af E72, Y72, H26, K26 og R26; eller
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(c) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K72, Y72 og H26; og/eller

(4) specificitet i position -4 er blevet eendret:

(a) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af K28, K83 og Q28;

(b) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af R83 og K83; eller

(c) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af K28 og Q83; og/eller

(5) specificitet i position -5 er blevet aendret:

(a) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af R45 og E28;

(b) til et T pa en sense-streng ved en modifikation indeholdende Q28; eller

(c) til et C pa en sense-streng ved en modifikation indeholdende R28; og/eller
(6) specificitet i position -6 er blevet sendret:

(a) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af K43, V85, L85 og Q30;

(b) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af E43, E85, K30 og R30; eller

(c) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestadende
af R43, K43, K85, R85, E30 og D30; og/eller

(7) specificitet i position -7 er blevet sendret:

(a) til et C pa en sense-streng ved en modifikation valgt fra gruppen bestaende
af E32 og E41;

(b) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af R32, R41 og K41;

(c) til et T p& en sense-streng ved en modifikation valgt fra gruppen bestédende
af K32, M41, L41 og 141; og/eller

(8) specificitet i position -8 er blevet aendret:

(a) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af K32 og K85;

(b) til et C pa en sense-streng ved en modifikation indeholdende E32; eller
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(c) til et G pa en sense-streng ved en modifikation bestdende af K32, K35 og
R35; og/eller

(9) specificitet i position -9 er blevet eendret:

(a) til et A pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af N34 og H34;

(b) til et T pa en sense-streng ved en modifikation valgt fra gruppen bestdende
af S34, C34, V34, T34 og A34; eller

(c) til et G pa en sense-streng ved en modifikation valgt fra gruppen bestédende
af K34, R34 og H34,

hvor den rekombinante meganuklease ikke indeholder resterne 6-160 i |-Msol
meganukleasen med SEQ ID NO: 6 med kun parret af modifikationer L28 og
R83; og

med det forbehold, at cellen ikke er en human kimcelle eller en human embryo-

nisk celle.

4. Fremgangsmade til fremstilling af en genetisk modificeret ikke-human or-
ganisme, omfattende:

fremstilling af en genetisk modificeret ikke-human eukaryotisk celle ved frem-
gangsmaden ifglge ethvert af kravene 1-3; og

dyrkning af den genetisk modificerede ikke-humane eukaryotiske celle til frem-
stilling af den genetisk modificerede organisme.

5. Fremgangsmade ifglge krav 4, hvor:
den ikke-humane eukaryotiske celle er valgt fra gruppen bestaende af en zygot,

en blastocystcelle, en embryonisk stamcelle og en protoplastcelle.

6. Fremgangsmade ifalge ethvert af kravene 1 eller 2, hvor:
nukleinsyresekvensen indeholdende den exogene sekvens yderligere indehol-
der sekvenser homologe med sekvenser flankerende spaltningsstedet, og den
exogene sekvens indsaettes ved spaltningsstedet ved homolog rekombination;
eller nukleinsyren mangler vaesentlig homologi med spaltningsstedet, og den
exogene sekvens indseettes i kromosomet ved ikke-homolog endeforbindelse.
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