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CHIMERIC ZING FINGER RECOMBINASES OPTIMIZED FOR CATALYSIS BY
DIRECTED EVOLUTION |

by

C'arlos F. Barbas, Ill & Russell M. Gordley

- CROSS-REFERENCES

[0001] This application claims priority from U.S. Provisional Application Serial No.
60/818,908 by Barbas, Il et al., entitled “Chimeric Zinc Finger Recombinases Optimized for
Catalysis by Directed Evo'lfution,” filed July 5, 2006, which is incorporated herein in its

~ entirety by this reference.

BACKGROUND OF THE.INVENTION

[0002] This invention is directed to chimeric recombinases incorporating a novel
DNA binding domain preferably but not limited to at least one zinc finger domain and at
least one domain that has catalytic activity that promotes recombination and methods for-
optimizing the activity of these recombinases by directed evolution, as well as to
applications of the chimeric recombinases and the methods in gene therapy and the
modification of DNA in other organisms, for example for endowing crop plants, animals and
industrial organisms with favorable phenotypes.

[0003] At present, no strategy for gene therapy enables targeted and site-—spe(ﬁ_iﬂc
recombination of the endogenous human genome. Such a strategy would allow the rapid

excision of harmful genes and the safe integration of beneficial ones.

[0004] The Cre-foxP recombination system enables researchers to efficiently alter
the genome .'of discrete cells in vivo. Once genomic lox sites have been introduced by
homologous recombination, the Cre recombinase may catalyze excision, inversion, or
integration, at those loci. This revolutionary tool continues to find novel applications
including circumvention of embryonic lethality with induced gene inactivation and
delineation of cellular lineages during embryogenesis (16). With the deveiopment of Cre,
the Flp recombinase and the ¢C31 integrase, site-specific recombinases (SSRS)_now

comprise a toolbox for genetic manipuiation.



CA 02667974 2009-04-29
WO 2008/006028 PCT/US2007/072869

[0005] True to their name, SSRs are highly specific for the ~28bp recombination
sifes present in their native subs{rates. While a few mutant recombination sites have been
found to be funCtionaI, this fundamental requirement broadly prohibits the application of
SSRs to endogenous genomes. Constrained by the prerequisite of homologous
recombination, SSRs are barred from many potential applfcations, gene therapy being
perhaps the most significant. This constraint has motivated several groups to modify SSR
substrate specificity by direc‘téd protein evolution (18, 53, 54). Calos and coworkers
characterized "pseudo” attP sites within the endogenous human and mouse genomes at
which ¢C31 mediates efficient integration (65). Their application of this enzyme to the
treatment of junctional epidermolysis bullosa (48), Duchenne muscular dystrophy (50), and
murine hereditary tyrosinemia type | (31) suggests the therapeutic potential of endogenocus
site-specific recombination.
[0006] The extent to which Cre and ¢C31 can be trained on new substrates is

limited by the structural organizatio-n of their DNA binding interactions. Tyrosi'ne .
recombinases, such as Cre, mediate DNA binding and catalysis with the same protein
domain. This arrangement constrains the geometry of all potential DNA-protein inferactions
and precludes replacemeht with an exogenous DNA binding domain. Notably, the
characterization of one mutant Cre-substrate interaction revealed recognition to be indirect
- — with contact to the alfered base pair mediated by a bridging water molecule (7). In
contrast to the well characterized 'tyrosiné recombinases, the function of the ¢C31
integrase, and other large serine recombinases, remains largely obscure. In the absence of

a three dimensional protein structure or known DNA binding domains, Calos and coworkers

evolved ¢C31 by covering the entire protein sequence with random mutations (54).
Madification of the large serine recombinases is further complicated by the potential
multiplicity of significant DNA binding regions (2).

[0007] Accordingly, there is a need for a more generalized method of catalyzing
targéted and site-specific recombination of the ehdogenous genome, particularly for gene
therapy, as well as for enzymes that can catalyze such targeted and site-specific
recombination. This is particularly useful for gene therapy, but would have‘many other
applications in molecular biology, including in gene cloning and use in modification of

industrial organisms and agricultural plants and animals.

SUMMARY OF THE INVENTION
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[0008] Accordingly, one aspect of the present invention is a chimeric recombinase
protein comprising a serine recombinase operatively linked to a zinc finger nuclectide
' binding domain such that the chimeric recombinase protein catalyzes site-specific
recombination at a DNA site specifically bound by the zinc finger nuclectide binding domain
and euch that the serine recombinase is selected or evolved to catalyze recombination
efficiently in the context of the chimeric protein. Typic.aliy, the serine recombinase domain
IS a recombinase domain with a catalytic serine nucleophile that catalyzes a general strand
exchange mechanism. Particularly preferred chimeric recombinase proteins include
Tn3¢AGGAG, Hingaceac, and Gingageag, which have domains from Tn3, Hin, or Gin fused to
a zinc finger nucleotide bindin'g domain. Other chimeric recombinase proteins are included
within the scope of the invention. Such chimeric recombinase proteins inciude, but are not
limited to: a chimeric recombinase protein wherein the chimeric recombinase protein is
Tn3Ch15¢ and has a mutated serine recombinase deriving from Tn3; a chimeric
recombinase protein wherein the chimeric recombinase protein is GinL7C744 and has a
mutated serine recombinase deriving from Gin; a chimeric recembinase protein wherein the
chimeric recombinase protein is GinL7C7p; and has a mutated serine recombinase deriving
from Gin; a chimeric recombinase protein wherein one or more of the following mutations
are introduced in the serine recombinase: (1) G70S, D102Y, or E124Q in a Tn3 serine
‘recombinase catalytic domain; (2) H107Y in a Hin serine recombinase catalytic domain; (3)
M70V, T96A, or H106Y in a Gin serine recombinase catalytic domain; or (4) 12V, D13G,
KE5R, M73V, I80M, V108A, K53E, and K15‘I*M in a Tn3 serine recombinase catalytic
domain, together with mutations of corresponding homologous residues in Hin and Gin; a
chimeric recombinase wherein the serine recombinase is a Gin domain that includes all of
the following rﬁutations: D‘IZG, N14S, N20D, K50E, M70V, 194V, Y109H, M114V, and
K148M; or a chimeric recembinase wherein the serine recombinase is a Gin domain that
includes all of the following mutations: D12G, N14S, N20D, K50E, M70V, 194V, and
M114V.

[0009] Another aspect of the present invention is an isolated and purified nucleotide
sequence encoding a chimeric recombinase protein as described above. The nucleotide
sequence can be a DNA sequence.

[0010] Yet another aspect of the present invention is a veclor including a DNA
sequence as described above. The vector can be an expression vector.

[0011] Yet another aspect of the present invention is host ceils transformed or

transfected with a nucleotide sequence or vector as described above.
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[0012] Yet another aspect of the present invention is a method of carrying out a site-
specific recombination even-t comprising the steps of:

(1)  providing a DNA sequence having therein at least two sites binding at
least one chimeric recombinase protein according to the present invention, the sites being
separated by a spacer; and

(2) reacting the DNA sequence with the chimeric recombinase under
conditions in which the at least one chimeric reco-mbjnase catalyzes a site-specific
recombination event in which both strands of the DNA sequence are cleaved between the
two sites specifically binding the chimeric recombinase so that a site-specific recombination
event is carried out. .

[0013] Yet another aspect of the present invention is a method of carrying out a site-
specific recombination event comprising the steps of:
(1)  providing two DNA sequences, a first sequence and a second
sequence, each of the first seguence and the sécond sequence having a site therein

binding at least one chimeric recombinase according to the present invention; and

(2)  reacting the first sequence and the second sequence with the at least
- one chimeric recombinase under cond itions in which the chimeric recombinase catalyzes a
site-specific recombination event in which both strands of the first sequence and the second
o sequence are cleaved so that a site-specific recombination event is carried ou-t involving the
first sequence and the-second sequence.

[0014] Still another aspect of the present invention is a method of carrying out a

site-specific recombination event compriéing the steps of:

(1)  providing two DNA sequences, a first sequence and a second
sequence, one of the first sequence and the second sequence having a site therein binding
at least one chimeric recombinase according to the present invention, and the other of the

first sequence and the second sequence having a site therein binding at least one naturally-

occurring serine recombinase; and
(2)  reacting the first sequence and the second sequence with the at least

one chimeric recombinase and the naturally-occurring serine recombinase under conditions
in which the chimeric recombinase and the naturally-occurring serine recombinase catalyze
a site-specific recombination event in which both strands of the first sequence and the
second seqguence are cleaved so that a site-specific recombination event is carried out

involving the first sequence and the second sequence.
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[0015] Still another aspect of the present invention is a method of performing stéble

integration in a DNA molecule comprising the steps of:

(1) providing a DNA Seque'nc:e naving therein fwo sites for recombination,
each site comprising: '

- (a) amutated binding site for at least one chimeric recombinase
according to the present invention binding the at least one chimeric recombinase at a
substantially lowered éﬁ’inity compared with an optimally binding site for a chimeric
recombinase half-site; and ‘

(b)  a binding site for at least one chimeric recombinase half site that
is optimally binding, the sites specifically binding at least one chimeric recombinase
according fo the present invention, the sites being separated by a spacer; and

(2) reacting the DNA éequence with at least one ch-i_m_eric recombina_se
under conditions in which the at least one 'chimerio recombinase catalyzes a site-specific
recombination event in which both strands of the DNA sequence are cleaved between the
two sites specifically binding the chimeric recombinase so that a site-specific recembination
event is carried out, the site-specific recombination event being integration, and such that a
homodimer of mutated binding sites for chimeric recombinase half-sites is formed that is not
functional for recombination so that the result of integration is stable. ' '

[0016] Yet another aspect of the present invention is a methcﬁd:of performing
recombination in a DNA molecule comprising the éteps of:

(1} providing a first DNA sequence having therein a first site for
recombination that is reactive with at least one first chimeric recombinase according to the
present invention;

(2)  providing a second DNA sequence having therein a second site for
recombination that is reactive with at least one'second chimeric recombinase according to
the present invention, such that the first site and the second site are functionally orthogonal;
and

(3)' reacting the first DNA sequence with the at least one first chimeric
recombinase and reacting the second DNA sequence with the at least one second chimeric
recombinase to effect recombination. ' |
[0017] Another aspect of the present invention is a method of promoting cassette

exchanges comprising the steps of:

(1)  generating two plasmids:
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(a)  afirst plasmid expressing a first chimeric recombinase
according to the present invention comprising a first catalytic domain and a first zinc finger
domain and expressing a first antibiotic resistance gene; and

(b)  a second plasmid expressing a second chimeric recombinase
according to the present invention comprising a second catalytic domain and a second zinc
finger domain and expressing a second antibiofic resistance gene, such that the first
catalytic domain and the second catalytic domain are different and the first zinc fir_iger'
domain and the second zinc finger domain are different, and such that the firét and second
antibiotic resistance genes confer resistance o two diffefent antibiotics, -

(2) assembling two caésettes by flanking an encoding region of a first gene
and an encoding region of a second gene with non-repeating homodimer sites each binding
one of the first chimeric recombinase according-io the present invention and the second
chimeric recombinase according to the present invention such that intra-plasmid excision by
the two chimeric recombinases is precluded:;

(3) inserting one cassette into each plasmid to generate two plasmids
including cassettes therein; and ' | _

(4)  co-transfecting a bacterial host with the first plasmid including a
cassette and the second plasmid including a cassette so that recombination occurs.

[0018] Another aspect of the present inve‘ntibn is a method of promoting cassette

exchanges comprising the steps of.
(1)  generating two plasmids:

(a) a first plasmid expressing a first chirﬁeric'recombinase
according to the present invention comprising a first catalytic domain and a first zinc finger
domain and expressing a first antibiotic resistance gene, whe-rein the first chimeric
l recombinase is mutated or selected to bind an endogenous flanking sequence of a first
gene; and

(b)  asecond plasmid expressing a second chimeric recombinase
according to the present invention comprising a second catalytic domain and a second zinc
' finger domain and expréssing a second antibiotic resistance gene, wherein the second
chimeric recombinase is mutated or selected to bind an endogenous flanking sequence of a
second gene, such that the first catalytic domain and the second catalytic domaih are
different and the first zinc finger domain and the second zinc finger domain are different,
and such that the first and second antibiotic resistance genes confer resistance 1o two

different antibiotics;
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(2) aSsem'inng two casseties, a ﬁrét cassette including a first gene flanked
by a first endogenous flanking region and a second cassette including a second gene
flanked by a second endogenous flanking region by each of fhe two endogenous flanking
regions including therein a non-repeating homodimer sites each binding one of the first
‘chimeric recombinase accord ing to the present invention and the second chimeric
recombinase according to the present invention such that intra-plasmid excision by the two
chimeric recombinases is precluded;

(3) inserting one cassette into each plasmid to generate two blasmids
including cassettes therein; and

(4)  co-transfecting a bacterial host with the first plasmid including a
cassette and the second plasmid including a cassetté so that recombination occurs.

- [0019] Yet another aspect of the present invention is a method for identifying cis-
inactivating zinc finger binding sites comprising the steps of: '

(1) . generating single half-site libraries including zinc finger binding sites in
two compatible plasmids using primers containing randomized nucleotides;

(2)  co-transforming the éingie»half site libraries generated in step (1) ihto a
suitable host to generate tr:ansformants;

(3) co-mai‘htaining the fransformants using two antibiotics for selection;

(4)  purifying plasmids from the co-maintained transformants;

(5)  retransforming the suitable host at low concentration;

(6)  allowing the retransformed host to grow on a culture medium
containing fhe two antibiotics; and

(7)  screening colonies growing on the culture mediu m'-containing the "[WO
antibiotics by PCR for unidirectional integration to identify cis-inactivating zinc finger binding
sites. | . I

[0020] Analogously, another aspect of the invention is a method for id‘entifying Cis-
inactivating spacer sequences comprising the steps of.
- (1) generatihg single half-site libraries including spacer sequences in two
compatibie ;ﬁlésmids using primers containing randomized nucleotides;

(2)  co-transforming the single-half site libraries generated in step (1) into a
suitable host to generate transformants; .

(3)  co-maintaining the transformants using two antibiotics for selection;

(4)  purifying plasmids from the co-maintained transformants;

(D) | retransforming the suitable host at low concentration;
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(6) allowing the retransformed host to grow on a culture medium
containing the two antibiotics; and
(7}  screening colonies growing on the culture medium containing the two
antibiotics by PCR for unidirectional integration o identity cis-inactivating spaéer |
sequences.
[0021] Again, analogously, another aspect of the invention is a method for
identifying cis-inactivating DNA binding domains cofnprising the steps of: |
(1)  generating a target substrate, the target substrate including therein a
recombination site including therein two different DNA binding. domain recognition
sequences, a selection target sequence and a transactivator sequence,;
(2) incubating the target substrate with a library of chlmeric recomblnases
according to the present invention with different DNA binding domalns in the presence of a
fixed chimeric recombinase according to the present invention that is perfectly
complementary to the transéctivator sequenci:e to generate a single half-site library;
(3)  co-transforming the single-half site library generated in step (2) into a -
suitable host to generate transformants; | -
(4)  co-maintaining the transfbrmants using two éntibiotics for selection;
(5) purifying plasmids from the co-maintained transformants;-
(6)  retransforming the suitable host at low concéntration;
(7) allowing the retransformed host to grow on a culture medium
containing the two antibiatics; and
(8)  screening colonies growing on the culture medium contai.hing' the two
antibiotics by PCR for unidirectional integrétion to identify cis-inactivating DNA binding
domains. .
[0022] Yet another aspect of the present invention Is a methbd of using substrafe-

linked protein evolution to generate a new chimeric recombinase from an existing chimeric

recombinase comprising the steps of:
(1)  creating a library of recombinase mutants to generate mutagenized

recombinase domains;
' (2)  fusing the mutagenized recombinase domains to a DNA binding
domain that has not been mutagenized to generate a library of mutagenized fusion

proteins;
(3)  cloning the library of mutagenized fusion proteins into a plasmid, the

plasmid including a recombinase substrate, for functional selection; and
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(4)  selecting active mutagenized fusion protéins by selecting plasmids that
are modified by the activity of recombinase. |
[0023] The invention further encompasses methods for gene therapy. One
embodiment of these methods is a method for gene therapy in which a deleterious gene is
removed by recombinational excision comprising the steps of: .
(1) administering to an individual having a deleterious gene in the genome
a composition including therein a nucleic acid encoding a site-specific recombinase
according to the present invention, the site-specific recombinase, when expressed,
specifically removing the deleterious gene from the genorﬁe; and
(2)  causing the site-specific recombinase to be expressed {o specificaily
remove the deleterious gene from the genome. '
- [0024] Another embodiment of these methods is a method for gene therapy in which

a deleterious gene is removed by recombinational excision and subsequently replaced by

recombinational integration comprising the steps of:

(1) admmlstermg to an ln'dwq-dual having a deleterious gene in the genome
a nucleic acid encoding a site-specific recombinase according to the present invention, the
site-specific recombinase, when expressed, removing the deleterious gene from the

genome;
{2) causing the site-sp'écific recombinase to be expressed to specifically

remove the deleterious gene from the genome;

(3)  administering to the individual a nucleic acid including therein a
functional replacement gene for the deleterious gene; and

(4)  inserting the functional replacement gene into the genome by
recombinational integration catalyzed by the site-specific recombinase.

[0025] Another aspect of the present invention is a method for gene therapy in’
which therapeutic integration is performed in order to disrupt the structure or functioning of
a deleterious gene and to deliver a gene with improved function into a selected genomic
locus comprising administering to an individual with a deleterious gene in the genome: (1) a
DNA segment including therein the gene with improved func’uon and (2) at least one
chimeric recombinase according to the present invention that acts to integrate the DNA
segment including therein the gene with improved function into the genomic locus of the
deleterious gene. |

[0026] Another aspect of the in.ventioh is pharmaceutical compositions. One

pharmaceutical composition according to the present invention comprises:
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(1)  a therapeutically eﬁecti\}e quantity ofﬁa chimeric recombinase protein
according o thé nresent invention as described aboﬁe; and
' (2)  a pharmaceutically acceptable carrier. |

[0027] Another pharmaceutical composition according to the present invention
comprises: '

(1} a thekrapeutically effective quantity of a nucleotide sequence that
encodes a chimeric recombinase protein accordin'g to the present invention; ana
(2) a pharmacéuti’cally acceptable' carrier.

[0028] Yet another aspect of the invention is a transgénic organism produced by an
act of recombination catalyzed by a chimeric recombinase according 1o the -present
invention. | |

[0029] This technology will be widely used for the genelic modiﬁcation\of'crop plants
and animals and microorganisms and multicellular okga'ni.sms such as insects. The genetic
" modification of crop plants and animals can be undeﬁaken for a variety of purposes,
including resistance'to disease, improved growth profile, reduced nutritional requirements,

or other purposes.

'BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The following invention will become better understood with reference to the

specification, appended claims, and accompanying drawings, where:

[0031] Figure 1is a schematic depiction of recombination events mediated by the
zinc finger-recombinase fusion protein Tn3gaceac on substrate 20T-GFP-20T. (A) Four
enzyme monomers are sh.c'awn;} triangles represent zinc finger domains, octagons,
recombinase catalytic domains. Although the synapse above is a homo-tetramer, four
different colors are used for clarity. The zinc finger domain binds to its cognate sequence,
GAGGAG (SEQ ID NO: 1), on either strand (underlined). Flanked by inverted binding sites,
the two identical ‘spacer’ regions are uniquely delineated by bold and italic characters. The
central base pairs, AT, at the cleavage sites (denoted by stars), allow either resolution or
inversion to take place; synapsis with sites in opposite orientation (shown here) enables
'in-version,- same orientation (not shown) enables resolution. Solid lines represent
intervening plasmid DNA; dotted lines, a connection between adjacent base pairs. (B)
Cartoon of the corresponding plasmids; boxes represent recombination sites, with shading

indicating the position of each recombinase monomer.
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10032] Figure 2 is a depiction of the Reczr protein structure and the Recy plasmid
resolution between 20T reécombinant sites. (A) Reczg structure approximated by fhe -
alignment of DNA bound y6 resolvase (66) and Zif268 (24). (B) Diagram of Reczr plasmid
resolution between 20T recombination sites, ResA and ResB; the relative intensities of
substrate and product PCR bands indicate the exté'nt of this reaction. Note the change in
PCR product size following successful resoiution.

[0033] Figure 3 shows Reczr site-specific recombination by free synapsis. (A)
Cartoon depiction of three recombination assays; in the oresence of product, primers, -
indicated by arrows, genérate a unique PCR band. (B) Site specific recombination by
Tn3caceac: resolution (1039 bp,1), inversion (1263 bp,2), and integration (370 bp, 3). With
the exception of 3B, ‘B’. always represents a substrate free PCR control; 3B is a controi for
non-specific integration. '

[0034] Figure 4 depicts Th3caccac recombination of substrates with sub-optimél' Zinc
finger binding sites. (A) Cartoon of RE/LE strategy for unidirectional reéolution (1) and
integration (2). (B) Recomibination sites present in each substrate; bold signifiés zinc
finger-substrate mismatch. (C) Resolution PCR assay of Tn3caceac On hetero-sites (lanes
1-4), and integration assay of Tn3gaceac on weak site homodimers (lanes 5-8), resolution
products of each hetero-site were co-incubated with another plasmid bearing the optimal
recombination site.

[0035] Figure 5 depicts the cassetfte exchange strategy. (A). Cartoon of th_e
cassette exchange strategy. Integration can take place at either of the two orthogonal sites,
so long as it is directly followed by resolution at the other site; only one of the two possible
mechanisms.is shown here. Here p1 and p2 are different plasmid backbones, and ‘prime’
denotes the presence of the cassette of interest. (B) Selective inversion by GinL7C7x1(1)
and Ginl.7C7px(2). The top row of nljmbers corresponds to the substrate’s DNA binding
| site, the bottom row to the expressed Reczr. (C) Selective resolution by GEnL?CYm(ﬂ and
GIinL7C/7p2(2).

[0036] Figure 6 depicts the PCR strategy for surveying catalytic domain spacer
sequence bias. Bent biack arrows signify primer binding sites. The spacer sequence 20T
is the symmetrical product of inversion, depicted in Figure 1. a

[0037] Figure 7 depicts a system for demonstrating Reczr mediated resolution in

mammalian cells.
[0038] Figure 8 depicts a strategy for evaluating Reczs mediated excision within the

endogenous gene CCR5. (A) The genomic region encoding the four exons of CCRS. (B) A
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map of some of the potential Reczr sites present within the fodrth exon's translated region.
The ‘d32’ rectangle occupies the genomic region missing in individuals who carry the

natural ACCRS5 variant. By disabling this HIV co-receptor, the ACCR5 mutation confers

general immunity from X5 HIV infection to homozygous carriers of this allele (38). Raised
white circles are 20 bp spacer sites, while iowered grey circles are 22 bp sites. The two
darkened circles represent candidates selected for characterization in E. éoﬁ. (C)
Evaluation of Recs resolution on the selected sites; each of the four selected half-sites will
require the assembly, and co-expression, of a different Reczr monomer.

[00639] Figure 9 depicts a strategy to discover trans-activated ("weak”)
recbmbination sites for Tn3gagcac USing randomized DNA binding sites. Following
substrate co-incubation in E. cofi, sites which promote unidirectional integration will be
selected on dual antibiotic media.

[0040] Figure 10 depicts a strategy to discover trans-activated (“weak”) Reczrs for a
particular 6 bp DNA bind ing sequence using Rebzps assembied from a library of zinc finger
domains. -

[0041] Figure 11 depicts two mechanisms for stable integrative reactions by
sequential recombination at orthogonal sites. (A} Exchange of GFPuv(A) and mCDZ(B)
cassettes between twd compatible plasmids; products of this reaction will be isolated on

selective media and identified by the unigue combination of two PCR primers. (B)

Unidirectional plasmid fusion; the small 2 x cassette resolution product (dotted line) will be
lost because it does not carry an origin of replication. Plasmids are drawh for clarity but the
genes could be encoded on chromosome(s) or linear DNA.

[0042] Figure 12 depicts Reczr design and functional assay. (a) A model of a
tridactyl Reczr chimera dimerizéd with the gamma delta resolvase. {b). The combined
substraté and Reczr expression plasmid used in resolution and inversion assays, and
directed evolution. (c-e) Pictorial descriptions of PCR assays of site-specific resolutions (c)
inversion {d), and integration (&), between 20T recombination sites by Tn3Ch15g. ({f) PCR '
assays of recombination between 20T recombination sites by Tn2Ch15¢. Lane 1 contains
maolecular weight markers at 250, 500, 750, 1000, 4500 2000, 2500, 3000, 4000, 5000,
6000, 8000, and 10,000 bp (Promega 1-kb [adder). Results of resolution assays (Res) are
shown in lanes 2 and 7 (Res(B), PCR negative control}. Successful resolution increases the
intensity of the product band. (1.0 kb) relative to the substrate band (1.8 kb). Results of the

inversion assays (Inv) are shown in lanes 3 and 8 (Inv(B), PCR negative control.)

Successful integration generates a product band (0.4 kb). Integration reactions were
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performed in the presence of a second plasmid, which either contained (Int(+), lane 4), or
lacked (Int(-), lane 5) a G201 recombination site. L‘ane 6 contains molecular weight markers
at 100, 200, 300, 400, 500, 600 700, 800, 900, 1000, 1200, and 1500 bp (Roche 100 bp
ladder). For all assays, the plasmid was introduced by electroporation into £. coli, and
culture maintained at 37° C overnight. PCR was performed with 30 ng plasmid DNA, and

analyzed on a 1% agarose gel. PCR negative control reactions were performed without

template (lanes 7, 8, and 9). (g) Resolution assays, performed in the same manner, of
cassettes, containing 20T spacer derivatives (Table 1): G18T-G-G187 (lane 1, 18-18), G18-
T-G20T (lane 2, 18-20) G20T-G-G20-T (lane 3, 20-20), G22T-G-G20T (lane 4, 22-20,
G22T-G-G22T (lane 5, 22-22) G20TC-G-G20T (lane 7, TC), G20TC4-G-G20T (lane 8, C4),
G20TC5-G-G20T (lane 9, C5),; G20TC6-G-G20T (lane 10, C6), G20TC7-G-G201 (lane 11,
C7), G20G-G-G20T (lane 12, g). Lane 6 contains the Promega 1 kb ladder. The hegative
control PCR reaction performed without template is shown in 1, lane /.

| [0043] Figure 13 depicts the directed evolution of Reczr G20G-G-G20T resolvase.
(a) Substrate Linked Directed Evolution (SLIPE) with a product specific selection primer.
Lane 1 contains the Promega 1 kb ladder. Results of selection aséays are shdwn In lanes
2-4. Successful resolution generates a product band (0.8 kb). Lane 2) Product mixture
solated after incubation of pB-GinL7C74-G20G-G-G20T in E. coli, overnight at 37° C
(Reczr (+)); Lane 3) Reczr substrate plasmid pBSS-G20G-G-G20T (Recze(-)); Lane 4) PCR
negative control performed without template (Reczr(B)). (b) Functional improvement from
the starting clones (sc; Tn3Ch15¢, Ging, Hing) and naive libraries (1; Tn3L1g, GinL1g,
HinL1¢), through rounds of interactive selection (2-8), to highly active clones (*;Tn3L8C18g,
GinL7C7g, HinL6C4¢). Lane 1 contains the Promega 1 kb ladder. The negative control
PCR reaction performed without template is shown in f, lane 7. Resolution assays were
performed in the manner previously described. (c,d) Mutations selected in greéter than and
equal to 50% of highly active clones are depicted within a primary sequence alignment (c),
and mapped onto the crystal structure of a DNA — bound gamma delta resolvase dimmer
(d). Blue, novel Tn3 catalytic domain mutations; green, novél Gin catalytic domain
mutations; orange, novel Hin, c:étalytic domain mutations; pink, hyperactivating mutations
present in the original clones; red, the catalytic serine, $10.

[0044] Figure 14 depicts the characterization of the GinL7C7 catalytic domain. (a)

Resolution and inversion assays, performed in the manner previously described, of
GinL7C74¢ (H1) and GinL7C7s;2 (P2), on substrates H120G-G-H120T (H1) and P220G-G-

P220T (P2). Results of resolution assays are shown in lanes 1-t. Successful resolutions
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increase the inténsity of the product band. (1.1 kb) relative to the substrate band (1.9) kb.
Lane 6 contains the Promega 1 kb ladder. Results of inversion assays are shown in lanes
7-11. Successful inversion generates a product band (1.4 kb). PCR negative control
reactions (-,-} were performed without template for both resolution (lane 1) and inversion
(lane 11) assays. (b-c) Analysis of spacer sequence bias using Reczp'-su bstrate libraries.
Inversion assays, conducted in the manner previously described, reacted GinL7C7G with
four pools of substrates in which 5 bp regions has been randomized (b). Inversion related
PCR products were gel puriﬁed and sequenced. The sequencing chromatogram of each
aggregate of functional spacers (c, left). Full spacer regions (20T and 20G) are re'presented
by the composite of chromatograms from two substrate libraries whose 5 bp randomized
regions overlap at a single nucleotide (position 8, Table 1). '

[0045] Figure 15 shows targeted, site-specific resolution of the human genome. (a)
A single copy of the reporter cassette for GinL7C7,¢ resolution was irntr,oduced.into Flp-In™
293 human embryonic kidney cells using the Flp-In system. (b, ¢, d) The reporter cell line
was transduced with empty pBabe-Puromycin vector (ReCZF (-)), GinL707p2, and '
GinlL.7C7x41, and enriched by puromycin selection (2 ug/mL). Nine days post-transduction,
the fluorescence of each s'ample was determined by FACS (b). Percentages of cells with
diminished fluorescence were averaged between three independent experiments (c).
FACS samples were lysed for genomic DNA purification. Isclated DNA (100-400 ng) -
served as the PCR template for a genomic resolution assay (using primers depicted in (a)),
and results were analyzed on a 1% agarose gel (d). Lane 1 contains the Promega 1kb
ladder. Resulits of resolution assays are shown in [anes 2-6 and 8 (Res(B), PCR negative
control). Successful resolution increases the intensity of the product band (0.2 kb ) rel-a{_ive

to the substrate band (1.6 kb pb). Lane 6 contains the Roche 100 bp ladder.

- DETAILED DESCRIPTION OF THE INVENTION

[0046] Definitions | |

[3047] Unless defined otherwise, all technical and scientific terms used herein have
the same meaning as is commonly understood by one of skill in the art to which this
invention belongs.

[0048] As used herein, the term “nucleic acid,” “nucleic acid sequence,”
“polynuclectide,” or similar terms, reters to a deoxyribonulcleotide or ribonucleotide
oligonucleotide or polynucleotide, including single- or double-stranded forms, and coding or

non-coding (e.g., “antisense”) forms. The term encompasses nucleic acids containing
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known analogues of natural nucleotides. The term also encompasses nucleic acids
including modified or substituted bases as long as the modified or'su_bstituted bases
interfere neither with the Watson-Crick binding of complementary nucleotides or with the

-~ binding of the nucleotide sequence by proteins that bind specifically, such as zinc finger
proteins. The term also encompasses nucleic-acid-tike structures with synthetic
backbones. DNA backbone analogues provided by the invention include phosphodiester,
nhosphorothioate, phosphorodithioate, methylphosphonate, phosphoramidate, alkyl
phosphotriester, sulfamate, 3'-thicacetal, methylene(methylimino), 3'-N-carbamate,
rhorpholino carbamate, and pepiide nucleic acids (PNAs}; see Oligonucleotides and
Analogues, a Practical Apprbach, edited by F. Eckstein, IRL Press at Oxford University
Press (1991); Antisense Strategié,s, Annals of the New York Academy of Sciences, Votjume
600, Eds. Baserga and Denhardt (NYAS 1992); Milligan (1993) J. Med. Chem. 36:1923-
1937; Antisense Research and Applications (1993, CRC Press). PNAs contain non-iohic
‘backbones, such as N-(2-aminoethyl) glycine units. Phosphorothioate linkages are
described, e.g., by U.S. Pat. Nos. 6,031,092; 6,001,982; 5,684,148; see also, WO
97/03211 ;WO 96/39154; Mata (1997) Toxicol. App'l. Ph'afmacoi. 144:189-197. Other
synthetic backbones encompassed by the term include methylphosphonate linkages or
alternating methylphosphonate and phosphodiester linkages (see, e.9., U.S. Pat. No.
5,962,674;'Strauss—Soukup (1997) Biochemistry 36:8692-8698), and benzylphosphOnate-
linkages (see, e.qg., U.S. Pat. No. 5,532,226; Samstag (1996) Antisense Nucleic Acid Drug
Dev 6:153-156). The term “nucleic acid,” “nﬁdleotide sequéence,” and the like further
encompass the complement of a defined sequence according to the Watson-Crick base
nairing rules unless the complement is excluded. Bases included in nucleic acids include
any of the known base analogs of DNA and RNA including, but not limited to, 4- |
acetylcytosine, 8-hydroxy-N6-methyladenosine, aziridinylcytosine, pseudoisocytosine, 5-
(carboxyhydroxylmethyhuracil, 5-fluorouracil, 5-bromouracil, 5-carboxymethylaminomethyi-
2-thiouracil, 5-carboxymethyl-aminomethylﬁracil, dihydrouracil, inosine, N®-
isopentenyladenine, 1-methyladenine, 1-methylpseudo-uracil, 1-methylguanine, 1-
methylinosine, 2,2-dimethyl-guanine, 2-methyladenine, 2-methyiguanine, 3-methyl-cytosine,
5-methylcytosine, N°-methyladenine, 7-methylguanine, 5-methylaminomethyluracil, 5-
methoxy-amino-methyl-2-thiouracil, [3-D-mannosylgueosine, 5'-
methoxycarbonylmethyluraci, 5—rhetho>(yuracil, 2-methy|thio-N6—isopentenyladenin'e, ur_aci’l-
5-oxyacetic acid methylester, uracil-5-oxyacetic acid, oxybutoxosine, pseudouracil,

- queosine, 2-thiocytosine, 5-methyl-2-thiouracil, 2-thiouracil, 4-thiouracil, 5-methyluracil, N-
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uracil-5-oxyacetic acid methylester, uracil-5-oxyacetic acid, pseudouracil, q.ueosine, 2-
thiocytosine, and 2,6-diaminopurine. DNA may be in the form of cDNA, in vitro polymerized
DNA, plasmid DNA, parts of a plasmid DNA, genetic material derived from a virus, linear
DNA, vectors (P1, PAC, BAC, YAC, artificial chromosomes), expression cassettes, chimeric
sequences, recombinant DNA, chromosomal DNA, an oligonucieotide, anti-sense DNA, or
derivatives of these groups. RNA may be in the form of oligonucieotide RNA, tRNA
(transfer RNA), snRNA (small nuclear RNA), rRNA (ribosomal RNA), mRNA (messenger
RNA), in vitro polymerized RNA, recombinant RNA, chimeric sequences, anti-sense RNA,
siRNA (small interfering RNA), ribozymes, or derivatives of these groups.

"» i

[0049] ‘As used herein, the term “zinc fmge-r zinc finger nucleotide binding

domain,” or similar terminology refers both to naturally occurring and artificially produced
zinc fingers. Such zinc fingers can have various framework structures, such as, but not
limited to, CoH., C@, Hs, HaC, C3X, HaX, CuXo, ajnd Ho X, where X is a zinc ligating amino
acid. In these framework structures, as is conventional in the r'ecitation of zinc finger
structures, “C” represents a cysteine residue and “H” represents a histidine residue. Zinc
fingers of having the framework C;H; include, but are not limited to, zinc fingers described,
for example, in United States Patent No. 7,101,972 to Barbas, United States Patent No.
7,067,617 to Barbas et al., United States Patent No. 6,790,941 to Barbas et al., United
States Patent No. 6,610,512 to Barbas, United States Patent No. 6,242,568 to Barbas et
al., United States Patent No. 6,140,466 to Barbas &t al., United States Patent No.
6,140,081 tcj Barbas, United States Patent Application Publication No. 20060223757 by
Barbas, Un-iféd States Patent Application Publication No. 20060211846 by Barbas et al.,
United States Patent Application Publication No. 20060078880 by Barbas et al., United
States Patent Application Publication No. 20050148075 by Barbas, United States Patent
Application Publication No. 20050084885 by Barbas et al., United States Patent Application
Publication No. 20040224385 by Barbas et al., United States Patent Appli__(ﬁation PUbHo'atio'n
No. 20030059767 by Barbas et al., and United States Patent Application Publication No.
20020165356 by Barbas et al., all of which are incorporated herein by this reference. Other
Zinc fmgers are described in: U.S. Patent No. 7,067,317 to Rebar et al.; U.S. Patent No.

~ 7.030,215 to Liu et al.: U.S. Patent No. 7,026,462 to Rebar et al.: U.S. Patent No.

7,013,219 to Case et al.; U.S. Patent No. 6,979,539 to Cox Ill et al.; U.S. Patent No.
6,933,113 to Case et al.; U.S. Patent No. 6,824,978 to Cox Hl et al.; U.S. Patent No.

6,794,136 to Eisenberg et al.; U.S. Patent No. 6,785,613 to Eisenberg et al.; U.S. Patent
No. 6,777,185 to Case et al.; U.S. Patent No. 6,706,470 to Choo et al.; U.S. Patent No.
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6,007,882 fo Cox It et al.: U.S. Patent No. 6,599,692 1o Case et al.; U.S. Patent No.
6,534,261 to Cox i et al.: U.S. Patent No. 6,.503,717 to Case et al.; U.S. Pateht NO.
6,453,242 to Eisenberg et al.; United States Patent Application Publication No.
2006/0246588 to Rebar et al.; United States Patent Application Publication No.
2006/0246567 to Rebar et al.; United States Patent Application Publication No.
2006/0166263 to Case et al ; United States Patent Application Publication No.

2006/0078878 to Cox Il et al.; United States Patent Application Publication No.
2005/0257062 to Rebar et al.; United States Patent Application Publication No.

2005/0215502 to Cox Il et al.; United States Patent Application Publication No.
2005/0130304 to Cox Il et al.; United States Patent Application Publication No.
2004/0203064 to Case et al.; United States Patent Applicatipn Publication No.
2003/0166141 to Case et al.; United States Patent Applio_atidn Publication No.
2003/0134318 to Case et al.: United States Patent Application Publication No.
2003/0105593 to Eisénberg et al.: United States Patent Application Publication No.
2003/0087817 to Cox llI et al.; United States Patent Application Publication No.
2003/0021776 to Rebar et al.; and United States Patent Application Publication No.
2002/0081614 to Case et al., all of which are incorporated herein \by this referenc'é. For
example, one alternative described in these patents and patent publications involves the
use of so-called “D-able sifes” and zinc-finger modules or zinc finger D_N'A binding domains
that can bind to such sites. A “D-able” site is a region of a target site that allows an
“appropriately designed zinc finger module or zinc finger DNA binding domain to bind to four
bases rather than three of the target strand. Such a zinc finger module or zinc finger DNA
binding domain binds to a triplet of three bases on one strand of a double-stranded DNA
target segment (target strand) and a fourth base on the other, complementary, strand.“
Bi-nding of a single zinc finger to a four base farget segment ifnposes constraints both on
the sequence of the target strand and on the amino acid sequence of the zinc finger. The
_target site within the target strand should include the “D-able” site motif 5' NNGK 3,in
which N and K are conventional I[UPAC-IUB ambiguity codes. A zinc finger for binding to
such a site should include an arginine residue at position -1 a-nd an aspartic acid, (or less
oreferably a glutamic acid) at position +2. The arginine residues at position -1 interacts with
the G residue in the D-able site. The aspartic acid {or glutamic acid) residue at position +2
of the zinc finger interacts with the opposite strand base complementary to the K base in

the D-able site. It is the interaction between aspartic acid (symbol D) and the opposite

strand base (fourth base) that confers the name D-able site. As is apparent from the D-able
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site formula, :there are two subtypes of D-able sites: 5 NNGG 3’ and 5 NNGT 3'. For the
former site, the aspartic acid or glutamic acid at position +2 of a zinc finger interacts with a
C in the opposite strand to the D-able site. In the latter site-, the aspartic acid or glutamic
acid at position +2 of a zinc finger interacts with an A in the opposite strand to the [)-able
site. In general, NNGG is preferred over NNGT. In the design of a ZFP with three fingers, a
target site should be selected in which at least one finger of the protein, and optionally, two
or all three fingers have the potential to bind a D-able site. Such can be achieved Dy
selecting a target site from within a larger tz—irget gene having the form ula'5’-NNx aNy biNzc-
3, wherein each of the sets (x,a), (y,b) and (z,c) is gither (N,N) or (G,K); at least one of
(x,a), (y,b) and (z,c) is (G,K), and N and K are IUPAC—IUB ambiguity codes. In other words,
at least one of the three sets (x,aj, (y,b) and (z,c) is the set (G,K), meaning that the first
position of the set is G and the second position is G or T. Tho'se of the three sets (if any)
which are not (G K) are (N,N), meaning that the first position of the set can be_bccupied by
any nucleotide and the second position of the set can be occupied by any nucleotide. As an
example, the set (x,a) can be (G,K) and the sets (y,b) and (z',c)ﬂ can both be (N,N). Inthe
formula 5'-NNx aNy bNzc-3', the triplets of NNx aNy and bNzc represent the triplets of

~ bases on the target strand bound by the three fingers in a ZFP. If only one of x, y and z is a '
G. and this G is followed by a K, the target site includes a single D-able subsite.

[0050] As used herein, the term “chimeric zingc finger recombinases” or “Reczrs”
includes without limitation recombinases having nucleotide binding domains derived from
artificial or naturally-occurring zinc fingers or zinc-finger-like proteins with sequence-specific
binding activity. These terms are not limited to recombinases-having nucleotide binding
domains derived from actual zinc fingers.

' [0051] As used herein, the term “transcription regulating domain or factor” refers to
the portion of the fusion polypeptide provided herein that functions to re_gulafe gene
transcription. Exemplary and preferred transcription repressor domains are ERD, KRAB,
SID, Deacetylase, and derivatives, multimers and combinations theréof such as'KRAB—
FRD, SID-ERD, (KRAB),, (KRAB)s;, KRAB-A, (KRAB-A),, (SID)2, (KRAB-A)-SID and SID-
(KRAB-A). As used herein, the term “nucleotide binding domain or region” refers to the
nortion of a polypeptide or composition provided herein that provides specific nucleic acid
binding Capability. The nucleotide binding region'functions to target a subject polypeptide
to épeciﬁc genes. As used herein, the term “operativély linked” means that elements of a

polypeptide, for example, are linked such that each performs or functions as intended. For

example, a repressor is attached to the binding domain in such a manner that, when bound
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to a target nucleotide via that binding domain, the repressor é_cts to inhibit or prevent
transcription. Linkage between and among elements may be direct or indirect, such as via
a linker. The elements are not necessari!:y adjacent. Hence a repressor domain can be
linked to a nucleotide binding domain using any linking procedure well known in the art. It
may be necessary to include a linker moiety between the two domains. Such a linker
moiety is typically a short sequence of amino acid residues that provides spacing between

‘ the domains. So long as the linker does. not interfere with any of the functions of the binding
or repressor domains, any- sequence can be used.

[0052] As used herein, the term “modulating” envisions the inhibition or suppression
of expression from a promoter containing a zinc finger-nucleotide binding motif when it is
over-activated, or augmentation or enhancement of expression from such a promoter when
it is underactivatea. '

[0053] As used herein, the amino acids, which occur in the vérious amino acid
sequences appearing herein, are identified according to their well-known, three-letter or
one-letter abbreviations. The nucleotides, which occur in the various DNA fragments, are
designated with the standard single-letter designations used routi-nely In the art.

[0054] In a peptide or protein, suitable conservative substitutions of amino acids are
known to those of skill in this art and may be made generally without altering the biological
activity of the resulting molecule. Those of skill in this art recognize that, in geheral, single
amino acid substitutions in non-essential regions of a polypeptide do not substantially alter
biological activity (see, e.g. Watson et al. Molecular Biology of the Gene, 4th Edition, 1987,
Benjamin/Cummings, p. 224). In particular, such a conservative variant has a moditied
amino acid sequence, such that the change(s) do not substantially alter the protein’s (the
conservative variant’s) structure and/or activity, e.g., antibody activity, e-nzymatib activity, or
receptor activity. These include conservatively modified variations of an amino acid -
séquence,- i.e., amino acid substitutions, additions or deletions of those residues that are
not critical for protein activity, or substitution of amino acids with residues having similar
properties (e.g., acidic, basic, positively or negatively charged, polar or non-polar, etc.) such
that the substitutions of even critical amino acids does not substantially alter structure
and/or activity. Conservative substitution tables providing functionally similar amino acids
are well known in the art. For example, one exemplary guideline to select conservative
substitutions includes (original residue followed by exemplary substitution): Ala/Gly or Ser;
Arg/Lys; Asn/GlIn or His; Asp/Glu; .Cys/Ser; GlIn/Asn; GIy/Asp; Gly/Ala or Pro; His/Asn or
Gin; lle/Leu or Val; Leu/lle or Val; Lys/Arg or Gin or Glu; Met/l_eu or Tyr or lle; Phe/Met or
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“Leu or Tyr; Ser/Thr; Thr/Ser; Trp/Tyr; Tyr/Trp or Phe; Val/lle or Leu. An alternatiﬁe
exemplary guideline uses the following six groups, each containing amino acids that are
conservative substitutions for one another: (1) alanine (A or Ala), serine (S or Ser), ;
threonine (T or Thr); (2) aspartic acid (D or Asp),'glutamic. acid (E or Glu}; (3) asparagine (N
or Asn), glutamine (Q or Gln); (4) argihine (R or Arg), lysine (K or Lys); (5} isoleucine (I or
le), leucine (L or Leu), methionihe (M or Met), valine {V or Val); and (6) phenylalanine (F or
Phe), tyrosine (Y or Tyr), t'ryptophan (W or Trp), (see also, e.g., Creighton {1984) Proteins,
W. H. Freeman and Company; Schulz and Schimer {1979) Principles of Protein Structure,
‘Springer-Veriag). One of skill in-the art will appreciate that the above-identified
substitutions are not the only possible conservative substitutions. For example, for some
purposes, one may regard all charged amino acids as conservative substitutions for each
other whether they are positive or negative. In addition, individual su bstitutions, deletions
or additions that alter, add or delete a single amino acid or a small percentage of amino
acids in an encoded sequence can also be considered “conservatively modifie:d variations”
when the three-dimensional structure and the function of the protein to be deli—vered are
conserved by such a variation. '

[0055] As used herein, the term “expression:vect'or” refers to a plasmid, virus,
phagemid, or other vehicle known in the art that has been mahipulated by insertion or
incorporation of heterologous DNA, such as nucleic acid encoding the fusion proteins
herein or expression cassettes provided herein. Such expression vectors typically contain
a promoter sequence for efficient transcription of the inserted nucleic acid in 'a cell. The
expression vector typically contains an origin of replication, a promoter, as well as specific
genes that permit phenotypic seleCtion of transformed cells. |

[0056] As used herein, the term "host cells" refers to cells in which a vector can be
propagated and its DNA ekpre‘ssed. The term also includes any progeny of the subject
host cell. it is understood that all progeny may not be identical to the parentalu cell since
there may be mutations that occur during replication. Such progeny are included when the
- term "host cell” is used. Methods of stable transfer where the foreign DNA is continuously
maintained in the host are known in the art.

[0057] As used herein, genetic therapy involves the transfer of heterologous DNA to
the certain cells, target cells, of a mammal, particula-rly a human, with a disorder or
| conditibns for which such therapy is sought. The DNA is introduced into the selected target
cells in a manner such that the heterologous, DNA is expressed and a therapeutic product -

encoded thereby is produced. Alternatively, the heterologous DNA may in some manner
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mediate expression of DNA that encodes the therapeutic product, or it may encode a
sroduct, such as a peptide or RNA that in some manner mediates, directly or indirectly,
expression of a therapeutic product. Genetic therapy may also be used to deliver nucleic
acid encoding a gene product that replaces a detective gene or S‘Upplements a gene
product produced by the mammal or the cell in which it is intrbduced. The introduced |
nucleic acid may encode a therapeutic compound, such as a growth factor in-hibit‘br thereof,
or a tumor necrosis factor or inhibitor thereof, such as a receptor therefor, that is not
normally produced in the mammalian host or thaf is not produced in therapeutically effective
amounts or at a therapeutically useful time.. The heterologous DNA encoding the
therapeutic product may be modified prior to introduction into the cells of the afflicted host in
order to enhance or otherwise alter the product or expression thereof. Genetic therapy may

- also involve delivery of an inhibitor or repressor or other modulator of gene expressmn

[0058] As used herein, heterologous DNA is DNA that encodes RNA and proteins
that are not normally produced in vivo by the cell in which it is exp‘resséd or that mediates

or encodes mediators that alter expression of endogenous DNA by affecting t,ranséription,

translation, or other regulatable biochemical processes. Heterologous DNA may also be
referred to as foreign DNA. Any DNA that one of skill in thé art would recogn.ize or consider
as heterologous or foreign to the cell in which is expressed is herein encompassed by
heterologous DNA. Examples of heterio.logous‘ DNA include, but are not limited to, DNA
that encodes traceable marker proteins, such as a protein that confers drug resistance,
DNA that enicodes therapeutically effective substances, such as anti-cancer agents,'
enzymes and hormones, and DNA that encodes other types of proteins, such as antibodies.
Antibodies that are encoded by heterologous DNA may be secreted or expressed on the
surface of the cell in which the heterologous DNA has been introduced.

[0059] Hence, herein heterologous DNA or foreign DNA, includes a DNA molecule
not present in the exact orientation and position as the counterpart DNA molecule found in
the genome. It may also refer to a DNA molecule from another organism or species (i.e.‘,
exogenous) | |

[0060] As used herein, a therapeutically éffective product is a product that Is
encoded by heterologous nucleic acid, typically DNA, that, upon int'rod'uction of the nucleic
acid into a host, a product is expressed that ameliorates or eliminétes the symptoms,
manifestations of an inherited or acquired disease or that cures the disease. Typically, '

DNA encoding a desired gene product is cloned into a plasmid vector and introduced by-

routine methods, such as cé!cium~phosphate mediated DNA uptake (see, (1981) Somat.
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Cell. Mol. Genet. 7:603-616) or microinjection, into producer cells, such as packaging cells.
After amplification in producer cells, the vectors that contain the heterologous DNA are
introduced into selected target cells.

[0061] As used herein, an expression or delivery vector refers to any plasmid or
virus into which a foreign or heterologous DNA may be ihserted for expression in a suitable
host cell--i.e., the protein or polypeptide encoded by the DNA is synthesized in the host
cell's system. Vectors capable of directing the expression of DNA segments (genes)

encoding one or more proteins are referred to herein as “expression vectors”. Also included
are vectors that allow cloning of cDNA {(complementary DNA) from mRNAs produced using

reverse transcriptase.

[0062] As used herein, a gene refers 'to a nucleic a'cid molecule whOse nucleotide
seqguence encodes an RNA or polypeptide. A gene can be either RNA or DNA. Genes may
include regions preceding and follJowing the coding region (leader and trailer) as well as
-inter-vening sequences (introns) between individual coding segments (exons).

[0063] As used herein, the term “isolated” with reference to a nucleic acid molecule -
or polypeptide or other biomolecule means that the nucleic acid or polypeptide has beén
separated from the genetic environment from which the polypeptide or nucleic acid were
obtained. It may also mean that the biomolecule has been altered from the natural state..
For example, a polynucleatide or a polypeptide naturally present in a Ii’\king animal is not
“’isolated,” but the same nolynucleotide or polypeptide separated from the coexisting :
materials of its natural state is “isolated,” as the term is employed herein. Thus, a
nolypeptide or polynucleotide produced and/or contained within a recombinant host cellis
' conksidered-isolated. Also intended as an “isolated polypeptide™ or an “isolated
polynucleotide” are polypeptides or polynucleotides that have been purified, partiaily or
substantially, from a recombinant host cell or from a native source. For example, a
recombinantly oroduced version of a compound can be substantially purified by the one-
st'ep method described in Smith et al. (1988) Gene 67:3140. The terms isolated and
purified are sometimes used interchangeably. |

[0064] Thus, by “isolated” is meant tJhat the nucleic acid is free of the coding
sequences of those genes that, in a naturally-occurring genome immediately flank the gene
encoding the nucleic acid of interest. Isolated DNA may be single-stranded or double-
stranded, and may be genomic DNA, cDNA, recombinant hybrid DNA, or synthetic DNA. It

may be ideh-tical to a native DNA sequence, or may differ from such sequence by the

deletion, addition, or substitution of one or more nucleotides.
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- [0063] “Isolated” or “purified” as those terms are used to refer to preparations made
from biological cells or hosts means any cell extract containing the indicated DNA or protein
including a crude extract of the DNA or protein of interest. For exampié, in the case of a
protein, a purified preparation can be obtained following an individual technigue or a series
of preparative or biochemical techniques and the DNA or protein of interest can be present
at varidus degrees of purity in these preparations. Particularly for proteins, the procedures
may include for exampile, buf are not limited to, ammonium sulfate fractionation, gel
filtration, ion exchange change chromatography, affinity chromatography, density gradient
centrifugation, electrofocusing, chromatofocusing, and electrophoresis.

[0066] A preparation of DNA or protein that is “substantially pure” or "isolated”
should be understood.to mean a prepération free from naturally occurring materials with
which such DNA or protein is normally associated in natq-ré. “‘Essentially pure” should be
understood to mean a “highly” purified preparation that contains at least 95% of the DNA or
protein of interest. '

[0067] A cell extract that contains the DNA or protein of interest should be
understood to mean a homogenate preparation or cell-free preparation obtained from cells
that express the protein or contain the DNA of interest. The term "cell extract” is intended to
include culture media, espécially_spent culture media from which the cells have been
removed. |

[0068] As used herein, “modulate” refers to the suppression, enhancement or
induction of a function. For exarhple, zinc finger~nuéleic acid binding domains and variants
thereof may modulate a promoter sequence by binding to a motif within the promoter,
thereby enhancing or 8uppressihg transcription of a gene operatively iinked to the promoter
cellular nucleotide sequence. Alternatively, modulation may include inhibition of
transcription of a gene where the zinc finger-nucleotide binding polypeptide variant binds to
the structural gene and blocks DNA dependent RNA polymerase from reading through the
gene, thus inhibiting transcription of the gene. The structural gene may be a normal cellular
gene or an oncogene, for example. Alternatively, modulation may include inhibition of
translation ot a transcript;

[0069] As used herein, the term “inhibit” refers to the suppression of the level of
‘activation of transcription of a structural gene operably linked to a promoter. For example,
for the methods herein the gene includes a zinc finger-nucledtide binding motif.

[0070] As used herein, the term “transcriptional regulatory region” refers to a region

that drives gene expression in the target cell. Transcriptional regulatory regions suitable for
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use herein include but are not limited to the human cytomegalovirus (CMV) immediate-early

enhancer/promoter, the SV40 early enhancer/promoter, the JC polyoma virus promoter, the

albumin promoter, PGK and the a~actin promoter coupled to the CMV enhancer. Other

transcriptional regulatory regions are also known in the art.

[0071] As used herein, a promoter region of a gene includes the regulatory element
or elements that typically lie 5’ to a structural gene; multiple regulatory elements can be

present, separated by intervening nucleotide sequences. If a gene is to be activated,
proteins known as transcription factors attach to the promoter region of the gene. This
assembly resembles an “on switch” by enabling an enzyme o transcribe a second genetic
segment from DNA into RNA. In most cases the resulting RNA molecule serves as a
template for synthesis of a specif-ic protein; sometimes RNA itself is the final product. the
oromoter region may be a normal cellular promoter or, for example, an onco-pron'ioter. An
ONCco-promoter Is genera'll'y a virus-derived prdmoter. Viral promoters to which zinc finger
binding polypeﬁtides rhay be targeted include, but are not limited to, retroviral Iong terminal - -
repeats (LTRs), and Lentivirus promoters, such as'promoters' from human T-cell | ' |
lymphotrophic virus (HTLV) 1 and 2 and human immunodeficiency virus (HIV) 1 or 2.

- [0072] As used herein, the term “truncated” or similar terminology refers to a zinc
finger-nucleotide binding polypeptide derivative that contains less than the full number of
zind fingers found in the native zinc fin'ger binding protein or that has been deleted of non-
desired se.qUenoes. For example, truncation of the zinc finger-nucleotide binding protein
TFIHA, which naturally contains nine zinc fingeré, might result in a polypeptide with only
zinc fingers one through thkee. The term “expanded” or similar terminology refers to a zinc
finger polypeptide to which- addi-tiohal zinc finger modules have been added. For example,
TFIIA can be expanded to 12 fingers by adding 3 zinc finger domains. In addition, a '
truncated zinc finger-nucleotide binding polypeptide may include zinc' finger modules fr_om.
more than one wild type polypeptide, thus resulting in a *hybrid” zinc finger-nucleotide
binding polypeptide. '

[0073] As used herein, the term “mutagénized” refers to a zinc finger derived-
nucleotide binding polypeptide that has been obtained by performing any of the known
methods for accomplishing random or site-directed mutagenesis of the DNA encoding the
prdtei’n. For instance, in TFIIIA, mutagenesis can be performed to replace nonconserved
residues in one or more of the repeats of the consensus sequence. Truncated or expanded

zinc finger-nucleotide binding proteins can also be mutagenized.
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[0074] As used herein, a polypeptide “variant” or “derivative” refers to a polypeptide
that is a mutagenized form of a polypeptide or one produced through recombination but that -

still retains a desired activity, such as the ability to bind to a ligand or a nucleic acid

molecule or to modulate transcription.

[0075] As used herein, a zinc finger-nucleotide binding polypeptide “variant” or -
“derivative” refers to a polypeplide that ié a mutagenized form of a zinc finger protein or one
produced through recombination. A variant may be a hybrid that contains zinc finger
domain(s) from one protein linked to zinc finger domain(s) of a second protein, for example.
The domains may be wild type or mutagenized. A “variant” or “derivative” can include a
truncated form of a wild type zinc finger protein, which contains fewer than the original
number of fingers in the wild type protein. Examples of zinc finger-nucleotide binding
nolypeptides from which a derivative or variant may be produced include TFIIA an‘d Zif268.
Similar terms are used to refer to “variant” or “derivative” nuclear hormone receptors and
“variant” or “derivative” trahscription effector domains. ' '

[0076} As used herein a “zinc finger-nucleotide binding target or motif’ refers tof any
two or three-dimensional feature of a nucleotide segment to which a zinc finger-nucleotide
binding derivative polypeptide binds with specificity. E'ncludﬁed within this definition are
nucleotide sequences, generally of five nucleotides or IeSs, as well as the three dimensional
aspects of the DNA double helix, such és, but are not limited to, the major and minor
grooves and the face of the helix. The motif is typically any sequence of suitable length to
which the zinc finger polypeptide can bind. For example, a three finger polypeptide binds to
a motif typically having about 9 to abouf 14 base pairs. Preferably, the recognition
sequence is at least about 16 base pairs to ensure specificity within the genome. Therefore,
zinc finger-nucleotide binding polypeptides of any specificity are provided. The zinc finger
binding m'oﬁf can be any sequence designed empirically or to which the zinc finger protein
binds. The motif may be found in any DNA or RNA sequence, including regulatory
sequences, exons, introns, or any non-coding sequence. .

[0077] As used herein, the terms “pharm-aceuticall_y acceptable”, "physiologically
tolerable” and grammatical variations thereof, as they refer to compositions, carriers,
diluents and reagents, are used interchangeably and represent that the materials are
capable of administration to or upon a human without the production of undesirable
- physiological effects such as nausea, dizziness, gastric upset and the like which would be

to a degree that would prohibit administration of the composition.
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[0078] As used herein, the term "vector” refers to a nucleic acid molecule capable of
transporting between different genetic environments another nucleic acid to which it has |
been operatively linked. Preferred vectors are those capable of autonomous replication
and expression of structural gene products present in the DNA segments to which they are
operatively linked. Vectors, therefore, preferably contain the replicons and selectable
markers described earlier. Vectors include, but are not necessarily limited to, expression

vecliors. ..
[0079] As used herein with regard to nucleic acid molecules, including DNA

fragments, the phrase “operatively linked” means the sequences or segments have been
covalently joined, preferably by conventional phosphodiester bonds, into one strand of '
DNA, whether in single or double-stranded form such that operatively linked portions
function as intended. The choice of vector to which transcription unit or a cassette provided
herein is operatively linked depends directly, as is weg_ll known in the art, on the functional
sroperties desired, e.g., vector replication and protein expression, and the host cell to be
transformed, these being limitations inherent in the art of constructing recombinant DNA
molecules.

[0080] As used herein, administration of a therapeutic compaosition can be effected
by any means, and includes, but 'is not Ii'm-ited.to; oral, subcutaneous, intravenous,
intramuscular, intrasternal, infusion techniqgues, intraperitoneal administration and
- parenteral administration.

[0081] Cognizant of the factors which circumscribe modification of the SSRs
mentioned above, we sought to retarget recombination to endogenous sites using a
modular library of exogenous DNA binding domains. With high affinity, high specificity
binding to over 10° different 18 base pair sequences, polydactyl zinc finger prbteins are well
suited for this application. From the unique method of DNA recognition afforded by the
Cys,-His, zinc finger motif, our lab has derived modular building blocks that bind tri-
nucleotide sequences (23). Having discovered unnatural zinc fingers corresponding fo
every GNN and ANN ftriplet (22, 23, 55), along with most CNNs and TNNs, we can now
construct polydactyl proteins that preferentially bind 6 to 18 bp DNA sites. Chimeric -
oroteins containing these novel DNA binding domains have effectively targeted
_transcriptional activation and repression (13, 14, 23, 27, 28, 40, 42, 56), DNA cleavage (10,
11, 12, 20, 33, 39, 49, 57, 58), and genetic integration (64). Recently Stark and coworkers
fused the natural zinc finger protein Zif268 to a hyperactive Tn3 resolvase catalytic domain

(6), thereby constructing the first functional zinc finger — recombinases (3).
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[0082] Stark’s Z-resolvases, along with zinc finger — recom binases (Reczrs)
Concurrently assembled in our lab (data not published), drew their inspiration from the

modular structure of the Th3 resolvase. A member of the ‘Resolvase/Invertase’ family of

serine recombinases (59), this protein is composed of spatially separated catalytic and DNA

- binding domains (as seen in a crystal structure of the highly homologous yd resolvase
bound to DNA (66)). Mechanistic studies (17, 19, 21, 30, 37, 44, 45, 52), structural
characterization (46) and functional chimeras (3) have confirmed a ‘DNA-outside’ model of
- synapsis in which all synaptic interactions are mediated by the recombinase catalylic
domain (Figure 1). While many details regarding the highly coordinated cleavage events
and large-scale complex rearrangement remain unknown, It seems clear that the DNA
hinding domain plays, at most, a minor role. '

[0083] We anticipate that sequence—specific recombinases can be important
com-ponents of a new gene therapy strategy. Our preliminary studies reveal that zinc:'
finger-recombinase fusion prot.e.insl‘ efficiently catalyze site-specific resolution, inversion,
and integration (Figure 1).-.' With serine invertase ac:tivity-a[ready observed in higher
eukaryotes (41), Reczrs may afford the ability to site-speCifica-lly edit the endogenous
genomes of mammalian cells, in vivo. The small rs-ize of these proteins (~700 bp) makes it
feasible to consider the delivery of several resolvases with a single vector, thereby direding
the excision of DNA between two asymmetric recombination sites. Because Reczrs affect a
nermanent change upon the genome, their nresence need only be transient. Accordingly,
this aphroach may avoid the hazards associated with stable integration that curre:ntly
plague the field of gene therapy. In addition to such therapeutic application, Reczrs may
also facilitate the genetic manipulation of model organisms. Although the sophisticated
application 'of homoiogous recombination has revolutionized modern biology, fhis technigue
is often highly inefficient and unsuitable for many species and cell types. These
deficiencies suggest the scope of the Recz's potential significance.

[0084] Construction and evaluation of a functional zinc finger-Tn3 resolvase
chimera. Mutants of several invertase/resolvase serine recombinases have b'een found
which no longer require accessory factors or arthogonal binding sites for their function (6,
29. 34). Minimal recombination sites for these hyperaciive variants contain nothing more
than an inversely repeated recognition sequence for the DNA binding domain. Once
monomers have been anchored at each sequence, every subsequent step — including

“dimer formation, strand cleavage, exchange, and ligation — is mediated solely by the

catalytic domain. This functional division of labor is mirrored in the structural modularity of
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these two domain proteins. We reasoned that if the endogenous DNA binding domain were

replaced with polydactyl zinc finger domains, site-specific recombination sites could be
designed for any genetic context.

[0085] To evaluate the function of zinc finger-recombinase fusion proteins (Reczrs),
a hyperactive catalytic domain from the Tn3 resolvase (D102Y, E124Q) (6) was fused toa
bidactyl zinc finger protein, which preferentially binds the sequence GAGGAG, to create
Tn3cacceac. The choice of linker site (145T), length of the linker (6 amino acids), and

clomposition, was informed by computer modeling (Fig. 2A, INSIGHT [l) and a review of

relevant DNA/protein interactions.®®**** Our model of a Zif268-y5 resolvase chimera

(v8ziro68) suggested an optimal distance of 20 base pairs between inverted binding sites.
Accordingly, the first Rieczp_frecombination site contained GAGGAG In inverse repeat,
separated by the central 20 bp of the Tnh3 recombination site ‘201"
(GAGGAGTGATAATTTATAATATTTCGCTCCTC (SEQ ID NO: 2); zinc finger binding;.sites |
are underlined). A substrate plasmid containing two such 32 bp recombination sites

flanking a GFPuv (CLO'NTE’CH) reporter gene was constructed in Escherichia coli (E. colj)

from pBluescript || SK- {(Stratagene)(Fig. 2B). Tn3gaccac was ligated behind the fac
promoter on this plasmid, and transformed cells were allowed to grow overnight at 37°.

- [0086] Because its hyperactive catalytic domain functions without régard' to
regulatory context, we suspected that Tn3gaceac might undergo free synapsis. Once -
bound at a recombination site, each Recz dimer will associate with another dimer to form
either an intra- or inter-plasmid synapse. Because this tetrameric synapse is formed by
random association, Reczes have the potential to catalyze a variety of recombination events
(Figure 1). Because the cehtral base pairs (AT) are their own reverse.d COmpIemeht, the
20T spacer sequence permits recombination between sites in the same or opposite
orientation.

[0087] In order to detect recombination events catalyzed by n3caceas, we
developed three PCR assays: resolution, inversion, and integration (Figure 3A). In each
case, product formation correlates with the appearance of a unigque band as visualized on
an agarose gel. The resolution assay amplifies substrate and product bands (1814 bp and
1039 bp, respectively; Figure 2B) in relation to their relative abundance. Inversion and
integration, however, are each evidenced by the appearance of a single band (1263 bp and
370 bp, respectively). This occurs because only products of these two reactions contain a
complementary primer pair. Accordingly, these two assays are highly sensitive, but provide

little information about the extent of reaction. While the resolution and inversion systems
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report on manipulation of the GFPuv region, detection of.'Recz_[: catalyzed integration
reaction requires a second, non-homologous, plasmid. For this purpose, a single
recombination site was ligated into pACYC184 (New England Biolabs). The pBluescript I
SK- resolution product was cotransformed with the modified pACYC184. These two
-compatible plasmids were co-maintained under carbenicillin and chloramphenicol select'ion.
Integrative products are detected when primers isolated on either plasmid are able 1o
complement each other. The control for this reaction, shown in lane 3b of Figure 3, Is co-
transformation with unmodified pACYC184 (which lacks any potential recombination sites).
[0088] Positive results in all three assays confirmed our hypothesis of free synapsis
by Tn3caceac (Fig. 3B). The expected site-specific resolution product was isolated and its
identity confirmed by DNA sequencing. While integration does not give rise to a stable

product, the correspondmg PCR band could be purified from an agarose ge! Sequencing
of that band revealed the site-specific fusion of two substrate plasmids, linked together by

their shared Recs¢ recombinatioh site.

[0089] Our initial experiments targeted site-specific recomblnatlon to a novel 32 .
base pair sequence In principle, almost any sequence could become a Recz substrate..
Considering only the published 32 GNN and ANN zinc finger domains, a randomized 100
bp region would contain an average of nine minimal recombination sites (ex. inverted
- GAGGAG (SEQ 1D NO: ‘]) flanking a 20 bp sequence). In practice, the application of these
enzymes might be imited by requisite spacer-protein interactions. The 3 resolvase crystal
structure contains multiple interactions between Arginine 142 and an A/T rich minor groove
4-8 bp from the center of the recombination site (66). Mutational studies have shown that
both of these elements are required for the proper function of Tn3 resolvase (51) and Hin
invertase (32). The significance of such A/T rich regions is further evidenced by their
oresence in many of the sites characterized for this family of recombinases (59).

[0090] To gauge the extent to which Tn3gageac recombination Is similarly
 constrained, we constructed a panel of substrates in which the spacer was altered in either
length or sequence (Figure 12). Resolution assays revealed a strong functional
dependence on spacer length; recombination was scarceiy detectable between sites with
18 bp spacer regions, most rapid with 20 bp spacer regions (and in a mismatched 22/20
arrangement in which the 5’ and 3' sites differ), and intermediate on 22 bp sites. Further

details are given in Example 1, below.
[0091] Ouir first spacer sequence variants, by contrast, revealed the Reczr to have a

surprising degree of functional promiscuity. In contrast to wild type Tn3, Tn3caccac
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tolerated point mutations throughout the spacer region, including the A/T rich groove
(Figure 12; further details in Example 1, below) We hypothesized that the secondary DNA
binding mteractlon may be unnecessary in the presence of a relatively tight bmdmg zinc
finger domain. This optimistic perspective was clouded by results with a chimeric substrate
(2OG~GFP—20T), in which one of the two spacer regions was derived from that of Gin
invertase (TCCAAAACCATGGTTTACAG (SEQ ID NO: 632); Figure 4B, lane 11). Impaired
recombination in this context suggests significant spacer sequence dependence —a
imitation of the number (and hence frequency) of potential Tn3caceac recombination sites.

[0092] Construction and evolution of Hin and Gin zinc finger-recombinases.
Confronted with the problem of spacer éequence dependence, we sought to generate
additional Reczs whose substrate range might complement that of Tn3caceac. Rather than
select for mutant Tn3 catalytic domains, we opted to draw upon the natural ,diveréity of the
resolvase/invertase family of sefrine reco[mbinases. Beyond ensuﬁng a variety of spacer
sequence biases, the use of different catalytic domains enables Reczrs to nerform
orthogonal recombination events — either in parallel {ex. simultaneous resolution o_f different
genes) or, more interestingly, in series (ex. cassette exchange). o

[0093] Hyperactive mutants, functional on a minimal recombination site in the
absénce of cofactors, had been previously characterized for the invertases of Hin (29) and
Gin (34). The closely related Hin and Gin invertases differ significantly in primary structure
from the Tn3 resolvase. The presence of many conserved elemeﬁts, hoWever, enabled
sequence alignment of these three proteins and the determination of analogous linker sites
for Hingacaeac (145N) and Gingasaas (144T) construction. The chimeras produced by this .
simple fusion did not catalyze a detectat;le level of resolution. A PCR inversion assay,
however, revealed that Hingaceac and Gingaseac both retained some ot their rnative
catalytic activity. Including Tn3gaceac, all three Reczes are able to site-specifically invert a
- GFPyy reporter gene flanked by zinc-finger recombination sites. Because the hyperactive
catalytic domains function without regard to regulatory context, the chimeras undergo free
synapsis. Once bound at a recombination site, each Reczr dimer may associate with
another dimer to form either an intra- or inter-plasmid synapse. The strand cleavage
enabled by synapsis produces an intermediate complex held together entirely by protein-
protein interactions. Since rotation within this intermediate is uncontrolled, Recz: enzymes
may catalyze every possible recombination event — including resoiution, inversion, and

integration. Accordingly, our survey of Hingaceag and Gingaceac functionality may have

revealed only inversion activity simply because the inversion PCR ass-ay (in which only
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product i1s amplified} is significantly more sensitive than the resolution assay (in which both
product and substrate are amplified, Figure 3A,