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Abstract of the Dissertation
Zinc Finger Nucleases: Custom Enzymes for DNA Engineering
by
Andriy Tovkach

Doctor of Philosophy

in
Genetics
Stony Brook University

2009

Zinc finger nucleases (ZFNs) are custom restriction enzymes that can be designed to
recognize and cleave DNA in virtually any specific user-defined location. In my thesis
research, I took advantage of the unique DNA-recognition properties of ZFNs to develop
novel approaches for molecular cloning and plant genome engineering. First, I described
expression and purification methods for ZFN10, a novel custom restriction endonuclease,
and characterized its biochemical properties. I demonstrated that Ni-affinity purification
was sufficient to produce a cloning-grade enzyme and that ZFN10 was tolerant to a range
of target-site substitutions which could be predicted from specificities of recognition
helices incorporated into the structure of its zinc finger protein (ZFP) domain. Second, |
showed that ZFNs can be used for standard molecular cloning applications along with
known type II restriction enzymes, and that because of their long target sites and design
flexibility, they can accomplish such challenging tasks as cloning very large DNA
fragments and custom-cloning native DNA molecules. Third, I developed a

comprehensive method for ZFN testing, which can be used by research groups wishing to

il



adopt ZFN technology for plant gene targeting. The testing consists of an in-vitro assay
involving expression of a ZFN in E. coli with subsequent use of the bacterial lysate to
digest a plasmid carrying the ZFN target site, and of a series of plant assays based on
reconstruction of a GUS reporter's expression following transient or stable delivery of a
mutated GUS-encoding gene and ZFN-expressing cassettes into target plant cells. This
work expands the current collection of restriction endonucleases used in molecular
cloning with potentially hundreds of thousands of new enzymes and provides the

foundation for widespread use of ZFNs for targeted modification of plant genomes.
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Chapter 1. Introduction

1.1 Reverse genetics—methods for studying functions of unknown genes

The science of genetics has traditionally focused on determining the underlying causes of
mutant phenotypes by linking mutations to specific positions on chromosomes and
eventually, to alterations in the DNA sequence of the studied organism (1,2). However,
with the advancement of DNA sequencing projects and increasing interest in interactions
among multiple genes affecting a biological process, a new task has emerged: working
backwards from a predicted gene to the function or phenotype that it might confer. While
the first route—Ilinking observed phenotype with a change in DNA—holds the title of
classic (also forward) genetics, the second route is referred to as reverse genetics (1,2).
Plant reverse genetics is an emerging science that aims at increasing our knowledge about
plant metabolic processes and at improving food security for a growing world population
by introducing novel traits into domesticated crops. While in some model organisms
(such as yeast and mice), reverse-genetics methods have reached a significant degree of
efficiency and sophistication, adaptation of those methods or their alternatives in plants
lags behind (3). Below, I discuss some of the methods of reverse genetics, specifically
homologous recombination (HR), homology-directed gene silencing (HDGS, also known
as RNA interference, or RNAi) indexed mutant libraries (Figure 1.1) and targeted
genome modification with rare-cutting restriction endonucleases, with a special emphasis

on their application in plant species.

1.1.1 Homologous recombination
In the context of reverse genetics (also known as gene targeting), HR refers to an

exchange between a chromosomal copy of a gene and a donor DNA that shares some



sequence identity with the target gene. In addition to homologous regions, artificially
introduced DNA carries a modified segment that leads to disruption of the target gene
sequence, and a selection marker that helps with the identification of gene-targeting
events (Figure 1.1.A).

The first eukaryotic model system to reap full advantage from HR-based gene-
targeting methods was the budding yeast Saccharomyces cerevisiae. After the original
demonstration in the late 1970s that yeast chromosomal segments can be efficiently
replaced with altered sequences by HR (4), a variety of gene-targeting techniques were
developed, such as one-step gene disruption, pop-in/pop-out gene replacement and allele
recovery (described in detail by R. Rothstein (5)). The relative simplicity of these
techniques combined with rapid growth, ease of transformation and a well-characterized
genome, made S. cerevisiae a model organism of choice for studying genetic processes in
eukaryotes.

Mouse is another model system that routinely utilizes HR to knock out genes of
interest. Mouse embryonic stem (ES) cells, which are pluripotent cells derived from
preimplantation mouse embryos, are amenable to HR-based genetic manipulation
techniques, creating a range of mutations—from single nucleotide replacements to large
deletions and tissue-specific deactivations of studied genes (6). Modified ES cells are
injected into a developing blastocyst, which gives rise to a chimera—a mouse derived
from engineered and wild-type cells. Eventually, a cross between two chimeric parents
produces a line of knockout mice with targeted genome modification. As the only

mammalian model amenable to gene targeting, knockout mice are an essential



experimental tool for functional analysis of mammalian genes and for studying the
mechanisms of human diseases.

Although routine in yeast and mice, gene targeting by HR in higher plants
presents a significant challenge, mainly because of the strong dominance of the
nonhomologous end-joining (NHEJ) mechanism for foreign DNA integration into plant
cells (3). Several published attempts at plant gene targeting demonstrated that during a
transformation event, the transgenes, usually delivered in the form of Agrobacterium T-
DNA, enter the NHEJ pathway and integrate in random locations throughout the genome,
and thus vigorous screening procedures are required to identify the rare (107-10) cases
of precise homology-based integration (7-10).

A typical attempt to achieve HR-based gene targeting was demonstrated in a
paper published by Terada and coworkers, who managed to knock out the Waxy gene in
rice by using strong positive-negative selection (9). The authors created a targeting vector
containing the hygromycin-resistance gene flanked by the regions of homology with
Waxy, which, in turn, were flanked by two diphtheria toxin A (DT-A) fragments, and
then used Agrobacterium to transform their vector into rapidly dividing rice callus tissue.
The DT-A genes, placed in the target construct outside of the region of homology,
allowed the elimination of randomly inserted clones. For every 1500 transformants
resistant to hygromycin, Terada and coworkers obtained about 100 diphtheria toxin
survivors and only a single correct integration event was confirmed by PCR. Such low
frequency, characteristic of this and other (8,10) reports on plant gene targeting, is most
likely the reason why the reported methods could only be applied to select genes and did

not evolve into universal tools for plant reverse genetics.



The efficiency and precision of gene targeting by HR makes it the technology of
choice for reverse-genetics research in select model organisms. However, the limited
success with this technology in higher plants underscores the need for other methods of

plant genome editing.

1.1.2 Homology-directed gene silencing

HDGS is the process of downregulating gene expression at the transcriptional
(transcriptional gene silencing, TGS) and post-translational (post-translational gene
silencing, PTGS; also known as RNA interference, or RNA1) levels (3). It is induced by
the presence of double-stranded (ds) RNA homologous to a targeted gene and leads to the
formation of heterochromatin structures (TGS) or the degradation of mRNA (PTGS),
thus abolishing a gene's function without permanently modifying its sequence in the
genome.

Fueled by the high demand for information on gene function, and by the
technique's universal nature and relative ease of application, over the last decade HDGS
has become the method of choice for reverse-genetics experimentation in a wide range of
model organisms. In the nematode Caenorhabditis elegans, which allows for HDGS
experimentation by simply soaking the worms in a solution containing dsRNAs or by
feeding them with Escherichia coli organisms that express the dsSRNAs, nearly 90% of
the computer-predicted genes on chromosome I have been targeted by RNAi (11). In
mice, the introduction of constructs encoding small hairpin RNAs (shRNAs) in
combination with the Cre-loxP system has yielded efficient tissue-specific and
conditional knockdowns of endogenous genes, in a fraction of the time required to

achieve similar results by HR (12).



An efficient way of inducing HDGS events in plants, which in fact forms the
foundation for many popular and widely used protocols, involves expression of long
intron-separated hairpin RNAs that fold back on themselves to create a double-stranded
region (13). More recently, a new RNAi-based plant gene-targeting strategy was
developed by Schwab and coworkers (14). It utilizes artificial micro RNAs (amiRNAs),
which are much more specific than the small interfering RNAs (siRNAs) created from
hairpins, and which can efficiently silence both single and multiple target genes in a
predictable manner. Currently, several large-scale studies employing both intron-
separated hairpin and amiRNA approaches are underway to determine plant gene
function [AGRIKOLA (www.agrikola.org), ChromDB (ChromDB.org), amiRNA Central
(http://2010.cshl.edu/scripts/main2.pl)], the largest of them being the AGRIKOLA
project funded by the European Union and aimed at producing resources for targeting up
to 25,000 Arabidopsis genes by RNAi (15).

The major drawbacks of HDGS as a method for studying gene function are
incomplete downregulation and limited inheritance of gene-silencing effects (16). Indeed,
in many cases, reducing the level of a gene's expression is not sufficient to abolish its
function, which leads to ambiguities in the interpretation of experimental outcomes. At
the same time, a transgene introduced into a genome for the purpose of transcription of
hairpin RNAs may itself become subject to transcriptional gene silencing, abolishing its
functionality and restoring its target's expression. Thus, HDGS methods, despite their
contribution to genetic studies, cannot replace the need for efficient genome-modification

techniques.



1.1.3 Sequence-indexed mutant libraries

The sequence-indexed mutant library is another reverse-genetics method which revealed
its full potential in the model plant Arabidopsis thaliana through a concentrated effort
aimed at sequencing flanking genomic DNA (flanking sequence tags, or FSTs) in a large
collection of random T-DNA insertion lines (17). Each of these lines originates from
random integration of Agrobacterium T-DNA in the plant genome, which can either
happen in an intergenic region or disrupt the sequence of a known gene. The data on
currently available insertion lines can be accessed via web interface
(http://signal.salk.edu) and the seeds have been made available to the Arabidopsis
research community through the Arabidopsis Biological Resource Center (ABRC) at
Ohio State University. As of February 2009, the ABRC library contained insertion lines
for 29,000 out of a total of 32,000 Arabidopsis genes, thus providing researchers ready
access to mutants and allowing them to test their hypotheses about gene function. The
drawbacks of the indexed mutant library lie in the random nature of the mutagenesis
process, which in the case of Arabidopsis leads to a lack of hits with small gene targets
and, most importantly, in the prohibitive cost of repeating such global-scale experiments

in other species.

1.1.4 Targeted genome modification with rare-cutting restriction endonucleases
Yet another reverse-genetics approach, which until recently was only hypothetical,
involves application of rare-cutting restriction endonucleases (also known as homing
endonucleases). Homing endonucleases are a group of endonucleases with long
recognition sites encoded by mobile introns of lower eukaryotes, bacteria and

bacteriophages (18). By creating a double-strand DNA break (DSB), homing



endonucleases initiate a process of intron copying from an intron-containing allele of a
gene to an intronless allele of the same gene, thus promoting the spread of mobile introns
within a population. The key feature of homing endonucleases which makes them
attractive for genome manipulation is that their recognition sites (18 bp and up) are long
enough to be unique in large genomes. In the first study of the effects of rare-cutter
expression on an artificial chromosomal target, conducted by Rouet and coworkers in a
mouse 3T3 embryonic fibroblast cell line, induction of DSBs by I-Scel led to NHEJ-
mediated small deletions in the vicinity of the breaks and to a two orders of magnitude
increase in the frequency of recombination with a transgenic homologous fragment (HR-
directed gene targeting) (19). From the perspective of reverse genetics, both types of
events, i.e. small deletions produced by NHEJ and gene replacement by HR, would be
highly desirable if created in a gene of interest.

In addition to increased frequency of HR (20) and small deletions by NHEJ (21),
induction of DSBs by rare-cutters in plants leads to the capture filler sequences of various
lengths (5-800 bp) originating in various regions of the genome (21). Moreover,
Agrobacterium T-DNA, used as a vehicle for plant transgene delivery, can also integrate
into rare-cutter-induced DSBs (21), in some cases with high precision (22,23), suggesting
that insertion at break points by NHEJ is a normal mode of transgene entry into the plant
genome. Thus, T-DNA introduction into targeted DSBs represents another possible
avenue for plant gene targeting.

Unfortunately, when these first studies with rare-cutters were being performed,
their potential as genome-editing tools could not be realized because their sites had to be

introduced into the genome prior to the gene-targeting experiment. In addition, it was



nearly impossible to re-engineer them into native target sequences (24). However, recent
advances in zinc finger nuclease (ZFN) technology, described below, present an elegant
solution to the problem of targeted introduction of DSBs and subsequent genome

modification by both HR and NHEJ routes.

1.2 Zinc finger nucleases

ZFNs are custom-made DNA-cutting enzymes built by adding the endonuclease domain
of type II restriction endonuclease Fokl to a designer zinc finger protein (ZFP) (Figure
1.2) (25,26). The marvel of ZFN technology lies in the individual modules of the ZFPs—
zinc fingers (ZFs), which are small, about 30 amino-acid-long protein domains capable of
recognizing specific nucleotide triplets by creating hydrogen bonds in the major groove
of the DNA. Recent work in several labs leading to the identification of ZFs with high
affinity to most of the GNN, ANN, CNN, and some of the TNN triplets (27-30), created
the foundation for the modular assembly of ZFs into ZFPs that can be targeted to
virtually any genomic location. The second element of ZFNs, the Fokl endonuclease
domain, is a nonspecific endonuclease performing the function of DNA cleavage after it
has been delivered to a ZFN-binding site by the ZFP. Like most type II restriction
nucleases, Fokl acts as a homodimer, and thus requires the positioning of two ZFNs on
adjacent recognition sites for the cleavage to take place (Figure 1.2). In the most
commonly used configuration, the ZFP domain of a ZFN is comprised of three or four
ZFs, and thus recognizes a 9- to 12-bp target site. The Fokl domain's requirement for
dimerization increases the size of the target site to 18 to 24 bp for a given pair of ZFNs,
which makes ZFN cutting locations unique, even for genomes as large as the 3 billion bp

human genome. The simplicity of their design and the ability of novel ZFNs to recognize



and cleave preselected DNA target sequences provide the prerequisite for their

application in a variety of in-vitro and in-vivo DNA-engineering tasks.

1.2.1 Design of new ZFNs from modular units

Widespread adoption of a new technology depends on its simplicity. One of the attractive
features of ZFNs is that their DNA-recognition domains (ZFPs) can be assembled from
modular units by conventional molecular cloning techniques.

ZFN design begins with the identification of a target site and selection of
recognition helices. The two competing forces determining the location of an ideal target
site are the length of the DNA stretch suitable for the gene-targeting experiment (for
example, the first 100 bp of an open reading frame) (Figure 1.3) and the availability on
that stretch of consecutive triplets for which high-specificity recognition helices have
been reported in the literature. In Figure 1.3.B, I show specificity graphs for three
recognition helices, RRD-E-LNV, TSG-N-LVR and QSG-D-LRR, recognizing triplets
ATG, GAT and GCA, correspondingly (27,29). While the second recognition helix
(TSG-N-LVR) is highly specific for its triplet, the first one could seemingly well bind to
AAG, ACG and AGG, thus reducing the specificity of the ZFN in which it is
incorporated. Once recognition helices are identified, they are integrated into a ZFP
backbone structure (31), first on the computer and then in vitro by either sequential
replacement of ZF modules in an existing ZFP sequence (32) or de-novo assembly (33).

Currently, there are two web-based software packages that simplify the process of
target-site selection and design of ZFPs—Zinc Finger Targeter, or ZiFiT
(http://bindr.gdcb.iastate.edu/ZiFiT/) (34), and Zinc Finger Tools

(www.zincfingertools.org) (35), both allowing a search for ZFN target sites within a



provided DNA sequence. ZiFiT has a broader selection of recognition helices, from both
the public domain and Sangamo BioSciences Inc. and ToolGen Inc. collections, while
Zinc Finger Tools contains bar graphs highlighting the specificity of each recognition
helix (such as those shown in Figure 1.3 B), thus enabling the selection of target sites for
which high-specificity ZFNs can be designed. In addition, Zinc Finger Tools provides
more flexibility of the spacer length between two half-sites, creating more choice in the
target-site search, and a convenient program for incorporating recognition helices into a
ZFP sequence, which could prevent confusion arising from the aforementioned ZFN
orientation on its target site.

The drawback of modular assembly is its periodical failure to create functional
ZFP domains (36). Thus, prior to committing to time- and resource-consuming gene-
targeting experiments, one should test the ZFN's activity in vitro; this can be
accomplished, for example, by expressing it in E. coli and performing digestion of a

plasmid with the introduced ZFN target site with a bacterial lysate or purified protein.

1.2.2 Molecular cloning potential of ZFNs

An indication that ZFNs could indeed be used as molecular cloning tools was presented
in a report by Mani and coworkers (33) who, for the purpose of assaying ZFN activity,
linearized plasmids carrying ZFN target sites with common type II restriction
endonucleases (Aatll, Sspl and Xmnl) and then cleaved them with ZFNs expressed in
rabbit reticulocyte lysates. Although the topic of using ZFN-cut plasmid fragments for
molecular cloning was not mentioned in the publication, one could easily imagine the
wealth of new opportunities that ZFN technology would bring to recombinant DNA

research.
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First, application of ZFNs for molecular cloning would significantly expand the
number of available unique enzyme specificities. The latest issue of Rebase (37) lists
3698 type Il restriction enzymes, of which only 262 distinct specificities are available
commercially. In comparison, a three-finger ZFN comes in ca. 260,000 (64°, where 64 is
the number of nucleotide triplets) different combinations and a four-finger ZFN—in 16.7
million (64%) different combinations. In addition, most of the commercially available
restriction enzymes recognize short, 4- to 6-bp target sites that have a high probability of
occurring on long stretches of DNA, making them unusable for cloning large DNA
fragments. The 18- to 24-bp target sites of ZFNs place them in the unique category of
rare-cutters, particularly useful for the assembly of large plasmids and genome mapping.
Finally, a pair of ZFNs, designed to recognize and cleave a native DNA sequence, could
be used to achieve the previously unthinkable task of cloning native DNA molecules at
user-defined positions.

A unique challenge in modern plant genetics and biotechnology, which ZFNs
could resolve as novel restriction enzymes, is mounting multiple expression cassettes on
plant multi-gene transformation vectors (38). Currently, simultaneous plant
transformation with several transgenes is best achieved by assembling them on a binary
Agrobacterium Ti (tumor-inducing) plasmid-based vector and subsequently delivering
this multi-gene construct into the plant genome by Agrobacterium transformation (39,40).
One such system consists of a pRCS binary plasmid with a multiple cloning site (MCS)
containing recognition sites for several rare-cutting restriction endonucleases and a series
of satellite plasmids (pSATs) that carry gene-expression cassettes surrounded by a pair of

rare-cutter sites (41,42). As the pRCS plasmid grows in size in the process of assembly,
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the use of rare-cutters whose recognition sites have a very low probability of occurrence
within DNA sequences ensures that it will be cut in only one position (MCS) during each
subsequent cassette-mounting step. As of late, the capacity of the pRCS-pSAT system
has been constrained to seven transgenes by the limited commercial availability of rare-
cutting endonucleases. ZFNs, which fall into the category of rare-cutters due to the large
(18-24 bp) size of their target sites, could potentially be used to remove this constraint.
To this end, one could expand the pRCS-pSAT system by introducing novel ZFN target
sites into the MCS region of pRCS, by constructing additional pSAT plasmids with ZFN
sites and by expressing and purifying enzymes for ZFN-mediated cloning. Construction
of multi-gene transformation vectors with ZFNs would add an additional degree of
freedom to our ability to study plant gene function and to create novel transgenic crops

with artificial metabolic pathways.

1.2.3 Application of ZFNs for genome editing
As already mentioned, induction of DSBs in eukaryotic genomes by rare-cutting
restriction endonucleases leads to increased frequency of HR in the vicinity of the break
and/or to small deletions after break repair by NHEJ (19-23). Therefore, upon the first
demonstration that ZFN injection can increase the frequency of HR in a self-recombining
reporter plasmid in Xenopus oocytes (43), several groups initiated studies directed at
revealing the potential of ZFNs as genome-editing tools in a wide range of model
organisms.

For example, in Drosophila, a pair of designed ZFNs was used to create genomic
DSBs in the yellow () gene involved in color development in the fly's posterior

abdomen. Induction of ZFN expression by activation of a heat-shock promoter yielded
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simple deletions, deletions-insertions and duplications at the yZFN target site, leading to
the formation of visible patches of y mutant tissue (somatic mosaics) in 46% of the flies
(44). In the nematode C. elegans, a well-characterized ZFN QQR and a pair of
specifically designed nucleases were used to induce mutations in the nematode somatic
cells, again achieving 20% mutation frequency and observing similar deletions-insertions
following NHEJ-mediated repair of DSBs created by ZFNs (45). In zebrafish, where gene
targeting was previously intractable, three independent publications have emerged in the
last half a year demonstrating ZFN-mediated knockouts of native genes (46-48).

The work by a research group at Sangamo Biosciences deserves special attention.
They created the foundation for the application of ZFNs in human gene therapy by
repairing an X-linked severe combined immune deficiency (SCID) mutation in the IL2Ry
gene in human K562 cells. A pair of highly specific four-ZF ZFNs was used to induce
HR at the mutated /L2Ry site with an extrachromosomal DNA donor, achieving a
modification rate as high as 5% in the absence of any selection (49).

Thus, induction of genomic DSBs with ZFNs can indeed be used to achieve both

NHEJ- and HR-based gene targeting in a variety of eukaryotic species.

1.2.4 ZFN-mediated gene targeting in plants

Successful application of ZFNs in Xenopus (43) and Drosophila (44,50) prompted
attempts at ZFN-based gene targeting in plants. Two studies, by Lloyd and coworkers
and by Wright and coworkers, used well-characterized ZFNs to induce gene-targeting
events in artificially introduced ZFN sites by NHEJ- (51) and HR-based (52)
mechanisms. In the first study, authors created an Arabidopsis line carrying a T-DNA

insertion with a QQOR ZFN gene and a QQR target site. Induction of QQR expression by a
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heat-shock promoter led to small deletions and insertions at the QQR target site
characteristic of NHEJ-mediated DSB repair with a frequency of up to 20% (51). In the
second study, authors introduced a defective GUS:NPTII reporter gene in tobacco and
used electroporation technique to deliver a Zif268-ZFN-expressing plasmid and a
GUS:NPTII repair template into plant protoplasts. Induction of DSBs at a Zif268 site
within the defective reporter by Zif268-ZFN led to reporter repair by HR with a
frequency of 10% (52). In both cases, the frequencies of gene-targeting events
represented a staggering improvement over previously reported frequencies of 107 to 107
4.

The above-described studies were a great demonstration of ZFN efficiency, yet
they represented only the proof-of-principle stage on the way to targeting native plant
genes. To this end, Maeder and coworkers reported efficient mutagenesis of the tobacco
SurA locus with a pair of ZFNs constructed by a novel strategy called oligomerized pool
engineering (OPEN) (53). In addition, research groups from Dow Agrosciences and
Sangamo Biosciences recently reported homology-directed transgene integration in a
tobacco endochitinase gene after induction of a DSB with ZFNs (54).

lustrated advances in the targeting of both artificial and native plant genes
indicate that ZFNs have great potential as gene-targeting instruments and that they could
present a viable solution to the long-standing problem of plant genome engineering. At
the same time, unexpectedly high failure rates of ZFNs assembled from modular units
(36) and their often low gene-targeting efficiency, as evidenced from assays in human
cells (53), prompted further research on efficient methods of ZFN application for plant

gene targeting. In addition, although the cloning potential of ZFNss is theoretically evident
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from the nature of their DNA recognition and cleaving properties, experiments need to be
carried out for biochemical ZFN characterization, elucidation of their cloning properties
and establishment of efficient protocols for ZFN-mediated cloning. Application of ZFNs
as molecular cloning tools could generate advances in plant genome engineering and
biotechnology by expanding the cloning capacity of multi-gene plant genetic

transformation vectors (38).

15



1.3 Figures

B
Transgene -
Transcription
o' ..- '_>
7 mRNA
T Guiding dsRNA Chromosome
argetgene JUTR ==  J/  TULLALSL
Chromosome S K .
ﬂ = @':‘5 T. -: . Gene Insertions

. At1g01010 SALK_074723
-SSR SR e pegragaton e

SALK_128571
E

Budding yeast Chimeric mouse® Red star phenotype in petunia®

At1g01040 SALK_123470

At1g01070 SALK_088760
SALK_099741

Figure 1.1. Methods of reverse genetics. A. Homologous recombination. B. RNA
interference. C. Sequence-indexed insertion library. “Reproduced from Tarkowski et al.
(55). "Reproduced from Koseki et al. (56).
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Figure 1.2. Structure and DNA-binding properties of zinc finger nucleases. Zinc
finger nucleases are composed of a zinc finger domain, responsible for DNA recognition,
and a Fokl endonuclease domain conducting DNA cleavage. Because of the Fokl
domain's requirement for dimerization, two pairs of ZFNs have to be placed on adjacent
sequences to ensure efficient DNA cutting.

17



A Ba

:P: | e EEnE
RN

L]
¥ 4 .-~-
¢ ...n-
. 05
GAACCCGTTTAATGCGATGGATGCAG
CTTGGGCAAATTACGCTACCTACGTC 00

GAT: TSG-N-LVR

LEPG GCA: QSG-D-LRR
EKPYKCPECGKSFSQSGDLRRHQRTHTGE '
KPYKCPECGKSFSTSGNLVRHQRTHTGEK o
PYKCPECGKSFSRRDELNVHQRTHTGKKT
S-FOI(I o 'n;-“-du-g»— [ [N 8 F 8 1

dddelggainneneeizac

Figure 1.3. Design of ZFNs from modular units. A. Target-site selection. B. Examples
of recognition helices with different degrees of specificity for their target triplets. C.
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*Reproduced from Dreier et al. (27,29).
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Chapter 2. Expression, purification and characterization of cloning-grade zinc
finger nuclease

2.1 Summary

The limited number of naturally occurring rare-cutting restriction enzymes and the slow
and tedious engineering of existing restriction enzymes for novel specificities have
prompted the design of new strategies for the development of restriction enzymes with
specificities for long DNA sequences. One possibility is using zinc finger nucleases
(ZFNs)—synthetic restriction enzymes that are custom-designed to target and cleave long
DNA sequences and which have been recently shown useful for DNA cloning. Here we
report on the purification and biochemical analysis of ZFN-10, a custom-made ZFN. We
show that Ni-affinity and gel-filtration purification methods are sufficient to produce a
cloning-grade enzyme. We show that ZFN-10 can function as an accurate and reliable
ZFN using the same reagents and protocols used for naturally occurring and
commercially available recombinant restriction enzymes. We also show that ZFN-10
tolerates a set of target-site substitutions which can be predicted from the specificities of
recognition helices incorporated into the structure of its DNA-binding domain. The
relative simplicity of ZFN-10 design, expression, purification and analysis suggests that
novel ZFNs can potentially be designed and applied for various recombinant DNA

applications.
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2.2 Introduction

Restriction enzymes are essential and integral components of modern molecular biology
research. Since their discovery in 1971, they have been invaluable for the physical
mapping of DNA and have become the foundation for molecular cloning and
recombinant DNA technology as a whole (57). A large number of restriction enzymes,
most of which are capable of digesting short (4 to 6 bp) palindromic sequences, have
been isolated from a variety of organisms. Enzymes capable of digesting non-palindromic
sequences of 8 bp, 10 bp and even longer have also been identified (37,58). The
restriction enzyme database REBASE (containing enzymes and genes for DNA
restriction and modification) provides a list of over 3600 restriction enzymes which have
been genetically and/or biochemically characterized (37). About 600 of these enzymes
have been purified to the level of commercial use, targeting a relatively narrow collection
of about 260 distinct 4- to 6-bp sequences and about a dozen 8- and 10-bp sequences
(37). The number of enzymes capable of targeting very large (i.e. above 12 bp) sequences
is extremely low: to the best of our knowledge, only six enzymes are commercially
available. The latter, also known as rare-cutting restriction enzymes, are of particular
interest: they are useful for the cloning of large DNA fragments, they can potentially be
used for genome mapping, and they can facilitate the molecular assembly of complex
DNA structures (e.g. Refs. 38,41,42,59). Rare cutters are also instrumental for genome
engineering, as their expression in living cells can produce genomic double-strand
breaks, leading to site-specific mutagenesis and/or increased homologous recombination
in various organisms (21,60-63). Realizing the importance of rare cutters for genome

engineering and as novel enzymes for molecular cloning, several groups are currently
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engaged in attempts to re-engineer existing enzymes for novel specificities (e.g. Refs.
64,65,66). Such studies have led to the development of new rare cutters, but we have yet
to witness the use of these recently reported variants and novel enzymes for cloning or
other purposes (e.g. Refs. 64,65,606).

Zinc finger nucleases (ZFNs) are artificial restriction enzymes (26,28,33) which
may provide a viable alternative to the tedious and complex re-engineering of existing
rare cutters, since they can be engineered to target long DNA sequences. ZFNs are
composed of a custom-designed DNA-binding domain which is fused to the Fokl non-
specific DNA-cleavage domain. The DNA-binding domain can be composed of several
fingers. Each finger can be engineered to recognize and bind a specific DNA template,
and a typical ZFN monomer consists of three to four fingers, capable of recognizing and
binding to a 9- to 12-bp-long target DNA sequence. When two ZFN monomers are
aligned in reverse orientations, they form an active enzyme which is capable of digesting
its target sequence. The length of a non-sequence-specific spacer located between the
ZFN monomer binding sites is rather flexible (67,68), and while a 6-bp spacer is typical
in the engineering of novel ZFNs, shorter sequences have also been shown to be digested
by ZFNs (67,68). This phenomenon allows for great flexibility during the design and
construction of novel ZFNs: a typical ZFN dimer which is composed of two monomers
capable of binding a 9-bp DNA sequence each, can be used to target a 20- to 24-bp-long
DNA sequence. ZFNs can thus be classified as rare cutters, and can potentially be used in
a variety of molecular biology applications.

We recently demonstrated that ZFNs can be used for a variety of molecular

cloning tasks (69). In our experiments, ZFNs accurately and specifically digested target
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DNA molecules, which were subsequently ligated and recovered using common
recombinant DNA protocols. We used 24-bp-long ZFN recognition sites for the assembly
of a transformation vector composed of two independent expression cassettes (a task that
is typically achieved using site-specific recombinases or rare cutters (38,70)) and for the
cloning of a native DNA sequence. The latter was achieved using a pair of ZFNs which
were specifically designed to target and digest the target DNA sequence (69). While
proven useful for DNA cloning, tedious and costly in-vitro expression methods may
hinder the use of ZFNs for DNA cloning. Furthermore, the presence of contaminants in
E. coli-expressed ZFN lysates may lead to non-specific activity and low digestion
efficiency, which may result in a low-quality digested product. Consequently, we
ascertained that obtaining well-characterized enzyme preparations can prevent non-
specific cleavage and produce more robust outcomes for ZFN-mediated cloning
protocols.

The biochemical properties of hybrid restriction enzymes have been characterized
by Kim et al. (71), who constructed, expressed and biochemically characterized two zinc
finger protein (ZFP)-Fokl fusions (CP-QDR and Spl-QNR). Those authors showed that
the purified enzymes were capable of digesting a A DNA substrate into the predicted size
fragments, but they also reported that both enzymes cut their DNA substrates at multiple
positions. Although that study laid the foundation for the production of recombinant
artificial restriction enzymes, the authors indicated that the described enzymes may still
not be ready for routine laboratory use (71). Other studies have reported the construction,
purification and substrate-specificity analysis of additional enzymes (e.g. Refs. 72,73,74)

and many recent reports describe the construction and use of ZFNs for gene-targeting
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experiments in living cells (e.g. Refs. 49,51,75-77). However, no data have been
provided showing the integrity of the digested products, an important factor in the use of
ZFNs for cloning purposes.

Here we describe the expression, purification and analysis of the DNA-cleavage
properties of ZFN-10, a custom-made ZFN, and its use for DNA cloning. We
demonstrate that Ni-affinity and gel filtration purifications are sufficient to produce a
cloning-grade enzyme, as determined by ligation efficiency and sequencing analysis of
the ligated products. We also show that ZFN-10 tolerates a set of target-site substitutions
which can be predicted from the specificities of recognition helices incorporated into the

structure of its ZFP domain.

2.3 Experimental procedures

2.3.1 DNA constructs

The ZFP domain of ZFN-10, with zinc finger moieties QSG-D-LRR (GCA) (29), TSG-
N-LVR (GAT) (29) and RRD-E-LNV (ATG) (27) capable of binding the target site
ATGGATGCA, was assembled from overlapping oligonucleotides as previously
described (33,69,78) and cloned between Xhol and Spel sites upstream of the Fokl ED in
a pSAT6-Fokl vector (69,78) to yield pSAT6-ZFN-10. The assembled ZFN-10 was
transferred as an Ncol-BamHI fragment into the same sites of a modified pET28
expression vector, pET28-XH (78), to yield pET28XH-ZFN-10, which contains a ZFN-
10-6xHis tag fusion ORF under control of a T7 bacterial expression promoter.
Construction of pSAT10-MCS was as described in Zeevi et al. (69). To construct the set
of pPSAT6-TS-(n) DNA substrates, we first designed a collection of primer pairs (upper

and lower primers) encoding the various modified ZFN-10 target sites. Primers in each
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pair were capable of annealing to each other and were designed to carry Ncol and Pstl
sites. The upper and lower primers' general structure was
5’CGATAGCCATGG(n)yGTAAGT(n)yCTGCAGTCGACG and
5’CGTCGACTGCAG(n)9ACTTAC(n)oCCATGGCTATCG, respectively, where (n)y was
replaced by the modified ZFN-10 recognition site shown in Figure 2.5. (Thus, for
example,
5’CGATAGCCATGGTGCATCCCTGTAAGTAGGGATGCACTGCAGTCGACG and
5" CGTCGACTGCAGTGCATCCCTACTTACAGGGATGCACCATGGCTATCG were
annealed to produce pSAT6-TS-3.) Annealed primers were digested by Ncol and Ps¢I and
were cloned into the same sites of pSAT6-MCS (41), producing the collection of pSAT6-

TS-(n) target plasmids (designated pSAT6-TS-0 through pSAT6-TS-14).

2.3.2 Protein expression and purification

pET28SX-ZFN-10 was transformed into BL21 (Gold) DE3 PLysS competent cells
(Stratagene). Cell culture (1 L) was grown in LB medium supplemented with kanamycin
and 100 uM ZnCl, at 22°C to an ODgg of 0.6 and induced with 0.7 mM IPTG for 4 h.
The cells were harvested by centrifugation, resuspended in 35 ml resuspension buffer (25
mM Tris-HCI pH 7.5, 300 mM NaCl, 5% v/v glycerol and 100 uM ZnCl,) and lysed
twice through a French press. For His-tag protein purification, 1 ml of Ni-NTA resin
(Qiagen) was added to the lysate which was then mixed on a rotary shaker for 1 h at 4°C.
Resin was separated from the lysate by centrifugation for 2 min at 500g, washed in a
wash buffer (resuspension buffer supplemented with 20 mM imidazole) by two rounds of
resusupension and centrifugation (2 min at 500g) and loaded on a Bio-Rad Poly-Prep

disposable chromatography column. The protein was eluted from the Ni-NTA resin with
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3 ml of elution buffer (resuspension buffer supplemented with 500 mM imidazole). For
size-exclusion chromatography, 2.5 ml of Ni-NTA-resin-purified ZFN was loaded on a
HiPrep200 HS column (GE Healthcare, controlled by AKTA HPLC system) which had
been pre-equilibrated with the resuspension buffer. Elution was conducted at room
temperature. The column eluate was monitored for UV absorbance at 280 nm and
collected in 2-ml fractions. The fractions corresponding to a UV absorbance peak, at
elution volumes of 53 to 59 ml, were analyzed for ZFN activity and pooled. Total protein

content for crude extract and purified proteins was determined by Bio-Rad Protein Assay.

2.3.3 Digestion and ligation analysis

Digestion of 100 ng plasmid DNA (pSAT10-MCS or pSAT6-TS) was carried out at
various temperatures in NEBuffer 4 (New England Biolabs) in a total reaction volume of
25 ul. For digestion analysis, the products of the digestion reaction were separated by gel
electrophoresis and their amounts were quantified by Imagel software (79). For ligation
analysis, the 2.6-kb backbone DNA fragment from pSAT10-MCS was first purified using
[llustra GFX™ PCR DNA and Gel Band Purification Kit (GE Healthcare). About 0.5 ng
of purified fragment was self-ligated with 2 units of T4 ligase (New England Biolabs) in
a total volume of 10 pul for 2 h at room temperature and the total ligation reaction was
transferred into chemically competent DHS5a E. coli cells using standard molecular
biology protocols. Recombinant colonies were counted, and randomly selected colonies
were analyzed for the integrity of their ZFN-10 target site by ZFN-10 digestion and DNA

sequencing.
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2.4 Results and Discussion

2.4.1 Reagents for ZFN expression and analysis

We have previously shown that ZFNs can be used for DNA cloning. We demonstrated
the applicability of custom-made ZFNs as a tool for the assembly of complex DNA
structures and for the cloning of native DNA sequences (69). We found that while crude
lysate protein extracts from ZFN-expressing E. coli cells are useful for in-vitro digestion
analysis of ZFN activity, the presence of contaminating nucleases (and possibly other
DNA-damaging enzymes) in the extracts leads to low quality of the digested DNA
products and low ligation efficiency. We thus reasoned that high-grade purification and
further biochemical characterization of custom-made ZFNs may yield reliable enzymes
useful for recombinant DNA applications.

We chose the ZFN-10 monomer, which we had previously assembled and used
for molecular cloning (69), as a model enzyme for our biochemical purification and
characterization study. The ZFP domain of the ZFN-10 monomer was designed to
recognize DNA sequence ATGGATGCA and was assembled from overlapping
oligonucleotides designed to encode the recognition helices of each finger (Figure 2.1A),
as previously described (33). The actual artificial ZFN-10 recognition site (hereafter
referred to as ZFN-10-TS) is composed of two ZFN-10 monomer recognition sites placed
in antiparallel orientation and separated by a 6-bp long spacer (Figure 2.1A). Digestion
of the 6-bp spacer is expected to occur between the second and third bases, relative to the
ZFN-10 binding site, on both the top and bottom strands (Figure 2.1A); however, other
digestion patterns may occur. For expression in E. coli, the ZFN-10 coding sequence was

subcloned in-frame to a C-terminal 6x-His tag between the T7 promoter and terminator in
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pET28XH (78), a modified pET28 vector, producing pET28XH-ZFN-10 (Figure 2.1B).
As a substrate for the analysis of ZFN enzymatic activity, we used pSAT10-MCS (69), a
plasmid that contains two ZFN-10-TSs separated by a 1.2-kb fragment (Figure 2.1C).
The 6-bp spacer sequence within the ZFN-10-TS was GTAAGT. Digestion of pSAT10-
MCS using lysate of E. coli expressing ZFN-10 for a period of 5 min produced the
expected fragments of 1.2 and 2.7 kbp (e.g. Figure 2.1D). A 3.9-kbp linear DNA
fragment was also observed, as a result of incomplete digestion, and was attributed to the
low activity of ZFN-10 in E. coli’s lysates. Longer incubation times and/or higher lysate
concentrations typically resulted in degradation of the DNA substrate (data not shown),
most likely due to the presence of contaminating endonucleases in the crude lysate
preparations. The pSAT10-MCS substrate provides a simple visual means of determining
the digestion activity of ZFN-10: following its digestion, pSAT10-MCS can be self-
ligated and sequenced, providing viable information on the quality and accuracy of the

digestion step.

2.4.2 Purification of ZFN-10

In previous reports, hybrid restriction enzymes have been purified by various means,
including Ni affinity, ion exchange and gel-filtration chromatorgraphy (71,73,74). While
proven useful for characterizing sequence specificity and analyzing the digestion and
binding activities of these artificial enzymes, no data were presented as to the enzymes'
use for recombinant DNA applications, e.g. DNA cloning. We reasoned that analyzing
the digestion characteristics of an artificial ZFN in the context of DNA cloning is key to
its successful integration into existing cloning protocols. We selected the commonly used

E. coli strain BL21 (Gold) DE3 PLysS (Stratagene) for expression of ZFN-10. Pelleted
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cells were lysed in a French press and the lysate was successively purified using Ni-NTA
agarose beads and gel filtration. Coomassie-stained SDS-PAGE analysis of ZFN-10 from
the initial lysate and each of the two purification steps is shown in Figure 2.2, where it
can be clearly seen that capturing the His-tagged ZFN-10 by Ni affinity and further
purification in a gel-filtration column reduced much of the contaminating E. coli proteins.
A dominant band at slightly higher than 34 kDa was observed (Figure 2.2), in agreement
with the predicted size of ZFN-10 (34.9 kDa).

Key to the applicability of ZFN monomers for the digestion of long DNA
sequences is DNA-dependent dimerization at their target site. We thus investigated
whether ZFN-10 proteins remain soluble and in a monomeric state following their
purification by gel filtration. We calibrated the gel-filtration column with a series of
molecular weight markers and estimated the molecular weight of ZFN-10, in solution,
from its elution profile (Figure 2.3). Peak ZFN-10 eluted at 54 ml (with Kav, a phase-
distribution coefficient, of 0.21), corresponding to a molecular weight of 38.2 kDA on
our calibration graph. Taking into account that the calculated size of ZFN-10 is 34.9 kDa,
we concluded that ZFN-10 is a globular protein and that it maintains a monomeric state
in solution in the absence of DNA with its binding sites.

We calculated the yield of purified protein following the two successive
purification steps (Table 1). Total protein content was quantified by Bradford assay and
the amount of total active protein was experimentally estimated by digestion of pSAT10-
MCS. For the purpose of this study, we defined a unit of ZFN-10 activity as the amount
of protein required for cleavage of 1 ng pSAT10-MCS DNA in 1 h at 37°C in NEBuffer

4 in a total reaction volume of 25 pl. For the quantitative activity measurements, we
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digested pSAT10-MCS by a series of total protein dilutions, separated the products of the
cleavage reactions on a 0.7% agarose gel, measured band intensities with ImageJ
software (79), calculated the percentage of cleaved product and adjusted for amount of
substrate and incubation time of the reaction. The total protein content and total active
protein from a 1 L E. coli culture are summarized in Table 1. We calculated the specific
activity and total yield of active enzyme for each purification step, and found that Ni-
NTA and gel filtration resulted in the recovery of correspondingly 34% and nearly 10%

of the active enzyme.

2.4.3 Cloning quality of the digested DNA

We evaluated the cleavage quality of the three ZFN-10 preparations by digesting the
pSAT10-MCS plasmids, self-ligating the digested products and analyzing the
recombinant DNA products. We separated digested pSAT10-MCS plasmids on a 0.7%
agarose gel, purified the 2.6-kb pSAT10 backbone fragments from crude lysate, Ni-
affinity-purified and gel-filtration-purified ZFN-10 digestion mixtures and self-ligated
them. As shown in Figure 2.4A, the number of independent clones obtained from ca. 0.5
ng of pSAT10-MCS purified backbone cut with Ni-affinity- or gel-filtration-purified
ZFN-10 was on average 30 times higher than that obtained from cell-lysate-cut plasmid
(Figure 2.4A). We further compared the cloning efficiency of ZFN-10-digested plasmids
to that of a commercial rare-cutting restriction enzyme, PI-Pspl, a homing endonuclease
capable of digesting 30-bp-long sequences. While the sequence degeneracy tolerated by
PI-Pspl enzymes is still unknown, various studies have shown its usefulness for accurate
DNA cloning (e.g. Refs. 41,42,80,81). As a substrate for PI-Pspl, we used pSAT6-MCS

(41), a plasmid that is similar in size and sequence to pSAT10-MCS, except that it carries
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two PI-Pspl recognition sites instead of the two ZFN-10-TSs. We set up a PI-Pspl
digestion reaction, released the 2.7-kb backbone fragment of pSAT6-MCS and self-
ligated it using DNA amounts, and ligation and transformation conditions similar to those
used for ZFN-10-digested plasmid DNA. The efficiency of Ni-affinity- or gel-filtration-
purified ZFN-10-digested plasmid DNA was comparable to that of PI-Pspl (Figure
2.4A). To further analyze the quality of the ligated products, we randomly selected 20
plasmid colonies from each ligation reaction (i.e. with cell lysate, Ni-affinity-purified and
gel-filtration-purified ZFN-10) and analyzed the integrity of the ZFN-10 ligation site by
digestion and DNA sequencing. To this end, we linearized the plasmids with Scal and
subjected the purified product to digestion with gel-filtration-purified ZFN-10. While all
of the clones obtained from pSAT10-MCS digestion by Ni-affinity- or gel-filtration-
purified ZFN-10 carried a functionally reconstructed ZFN-10 recognition site, most of the
clones (i.e. 18 out of 20) obtained from E. coli-lysate-digested pSAT10-MCS had lost
their ZFN-10 site, as determined by ZFN-10 digestion analysis (exemplified in Figure
2.4B). Sequence analysis of 10 of the defective clones obtained from the E. coli-lysate-
digested pSAT10-MCS revealed that part of the ZFN-10 recognition site had indeed been
degraded (Figure 2.4C), most likely by contaminating exonucleases or other
contaminants in the crude DNA extract. Sequence analysis also revealed that the ZFN-10
recognition site was correctly reconstructed in 10 clones obtained from digestion with Ni-
affinity- or gel-filtration-purified ZFN-10, as well as in two of the corrected clones
obtained from E. coli-lysate-digested pSAT10-MCS (e.g. clones NiNTA1, GF1 and
Crude10, Figure 2.4C). Our data thus indicated that Ni-affinity or gel-filtration

purification is essential for obtaining high ligation yield and for accurate digestion of

30



target DNA substrates. It should be noted that while Ni-affinity purification did not
remove all of the contamination (Figure 2.2), the final product was sufficiently pure for

the efficient and accurate digestion of pSAT10-MCS DNA substrate.

2.4.4 Target-site specificity of ZFN-10

We demonstrated that large-scale expression and Ni-affinity purification of the expressed
proteins produce sufficient amounts of recombinant ZFN for DNA cloning. However, the
ZFNs need to be further characterized to facilitate their introduction as a flexible tool for
recombinant DNA applications. We have previously shown that ZFNs can be very useful
in the assembly of multigene transformation vectors (69), a task that can rarely be
achieved using type-II restriction enzymes and that is typically performed with only a
very limited number of homing endonucleases (38). It should be noted that homing
endonucleases, the only type of enzyme besides ZFNs capable of recognizing and
cleaving long target sites on DNA, are known to tolerate a high degree of sequence
polymorphism within those sites. Argast et al. (82), for example, identified 21 different
homing target sequences for each of I-Ppol and I-Crel endonucleases, and Bryke et al.
(83) reported 60 possible homing target sites for [-7evl, and demonstrated that no
individual base within the enzyme’s 48-bp site is absolutely required for the interaction.
We thus investigated the sequence degeneracy of ZFN-10.

The identification of alternative binding sequences for homing endonucleases
typically relies on elaborate library-screening procedures (e.g. Refs. 82,83,84). Target-
site degeneracy of ZFNs, on the other hand, can potentially be predicted from available
data on the specificity of individual recognition helices (27,85). This feature can simplify

the prediction of possible off-target site digestion by artificial ZFNs. We analyzed the
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target-site degeneracy of ZFN-10 and found that the first recognition helix may be
capable of binding triplets GCA, GCT and GTC (29), the second recognition helix is
rather specific and is expected to recognize only a single target triplet, GAT (29), and the
third recognition helix may tolerate any substitution in the second position and an A-to-G
substitution in the first position (27). This information allowed us to produce a putative
list of preferred sequences for the ZFN-10 monomer (Figure 2.5A). We next determined
whether various semi-palindromic target sequences composed of putative alternative
ZFN-10 monomer recognition sites can be digested by the ZFN-10 enzyme. We
constructed a series of pSAT6-TS target plasmids (designated pSAT6-TS-1 through
pSAT6-TS-14) in which a modified ZFN-10-TS was placed within a distance of ca 0.9 kb
from a unique Agel site (Figure 2.5B, C). A pSAT6-TS-0 plasmid, carrying the original
ZFN-10-TS, was also constructed. The modified target sites were designed to probe ZFN-
10's tolerance for various substitutions within its recognition site (Figure 2.5C). We next
co-digested the pSAT6-TS plasmids with Agel or gel-filtration-purified ZFN-10 and Agel
, and separated the digestion products on an agarose gel (Figure 2.5D). The digestion
efficiency of each plasmid, quantified by ImagelJ software, is given as percentage of
cleaved products out of the total amount of plasmid DNA (cutting efficiency; Figure
2.5C).

Our data showed (Figure 2.5C, D) that calculated predictions can indeed be
useful for determining possible target-site degeneracy of ZFNs. More specifically, we
found that some of the predicted single-base-pair substitutions were indeed well tolerated
by the ZFN-10 enzyme, resulting in almost complete cleavage of the corresponding

target-site plasmids (e.g. A-to-G substitution of the first nucleotide (pSAT6-TS-2) or T-
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to-C substitution of the second nucleotide (pSAT6-TS-4) of the ZFN-10 9-bp-long
recognition site, Figure 2.5C, D). Combining several substitutions in the ZFN-10 24-bp-
long target site completely abolished ZFN-10 digestion of some of the modified target
sites (e.g. pSAT6-TS-7 and 8), but had no effect on others (e.g. pPSAT6-TS-9). It is
interesting to note that recognition helix 2, which has been reported to have a unique
preference for the GAT triplet in a multitarget-specificity assay (29), could also bind
GCT and GAC triplets when constructed in the ZFN-10 structure.

Demonstrated target-site polymorphism somewhat reduces, but does not
completely abolish, the rare-cutting potential of ZFN-10 (or of other ZFNs for that
matter): although some of the substitutions were well-tolerated, the tolerance did not
extend to each target-site position or to each of four possible nucleotides. Most
importantly, the polymorphisms followed, to a great extent, the pattern predicted from the
data on recognition-helix specificity, thus allowing for selection of ZFN specificity

parameters during the design stage.

2.4.5 Optimal digestion temperature and heat-deactivation of ZFN-10

Optimal digestion temperature and deactivation are critical parameters for the use of
restriction enzymes in recombinant DNA applications. Although the optimal temperature
for Fokl endonuclease digestion activity is 37°C (New England Biolabs), in a
biochemical digestion analysis of Sp1-QNR ZFNs, Kim et al. reported an optimal activity
temperature of 22°C (71). They also reported significantly reduced enzyme activity at
32°C, and even complete abolishment of activity at 37°C (71). Using gel-filtration-
purified ZFN-10 and Agel-linearized pSAT6-TS-0, we determined that while the enzyme

is capable of digesting its substrate at 22°C, the optimal digestion temperature of ZFN-10
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is 37°C (Figure 2.6). The discrepancy between the optimal temperatures of ZFN-10 and
the Sp1-QNR ZFN can be attributed to the type of assay and substrate used to determine
the activity of each enzyme. Kim et al. (71) used A phage DNA which carried a 9-bp
binding site for a single ZFN monomer. The second monomer, required for Fokl
endonuclease domain (ED) dimerization and DNA cleavage, was likely to find its way
into the cleavage complex randomly through non-specific ZFP-DNA or low-energy Fokl
ED interactions, both of which are reduced at higher temperatures. In our experimental
system, digestion of the target DNA substrate site required interaction of both monomers
with the semi-palindromic targeting site. The limiting factor for the cleavage efficiency
was most likely Fokl ED, which has an optimal temperature of 37°C. The fact that the
optimal digestion activity of ZFN-11, ZFN-H2a and ZFN-H2b, three other ZFNs used for
recombinant DNA applications (69), was also measured at 37°C (data not shown) further
supports the notion that optimal digestion activity is imposed by the Fokl ED and not by
the artificial DNA-binding domain.

A significant decline in ZFN activity was observed at temperatures higher than
37°C (Figure 2.6B). We therefore tested whether the enzyme can be permanently heat-
inactivated at 65°C, the inactivation temperature of Fokl (New England Biolabs). We
heat-treated ZFN-10 for 7 min, cooled down the heated enzyme and analyzed its activity
by digestion of pSAT6-TS-0. Gel electrophoresis analysis demonstrated that short
exposure to 65°C is sufficient to render ZFN-10 inactive (Figure 2.6).

We stored crude gel-filtration-purified ZFN-10 in 50% glycerol at -80°C and we
did not notice any loss of activity after six months of storage. This was evidenced not

only by their ability to digest target DNA substrates, but also by the high efficiency of the
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digestion reactions and the accuracy of the digestion process, as indicated by ligation and

sequence analysis of the digested products (data not shown).

2.5 Conclusions

The development of ZFNs as a novel tool for genome editing in living cells (26,35,86,87)
has provided a unique opportunity to harness knowledge on the design of novel ZFNs for
recombinant DNA applications. Indeed, we have previously shown that similar to
meganucleases (41,42,59), ZFNs can be used to overcome the statistical limitations of
many of the 6-bp cutters in assembling multigene transformation vectors (69) and can
potentially assist in expanding the cloning possibilities of complex multigene
transformation vectors which are currently limited by the small number of commercially
available meganucleases. ZFNs can also be tailor-made to target specific sequences and
used to clone native DNA sequences (69). Thus, ZFNs may provide a useful alternative
to methods based on recombinases, meganucleases, transposomes and others for the
construction of genomic DNA clones and the artificial cloning of large DNA sequences
(e.g. gene clusters) into BAC vectors and other artificial chromosomes (88-91). It is clear,
however, that the application of ZFNs as a viable tool for recombinant DNA uses
depends on the quality and precision of the recombinant ZFNs.

Here we demonstrate that ZFNs can be purified to cloning grade using Ni-affinity
and gel-filtration purification. We show that while gel filtration may produce a cleaner
product, Ni affinity may be sufficient for recombinant DNA applications, its product's
efficiency being similar to that of PI-Pspl, a commercial rare-cutting restriction enzyme.
We also show that ZFNs can be used in co-digestion experiments, can be heat-

deactivated, can digest their substrate at 37°C—the optimal temperature for many other

35



restriction enzymes, and can be stored without loss of activity at -80°C. Finally, we show
that target specificity can be predicted and analyzed, a characteristic that is not common
to other rare-cutting restriction enzymes. These features allow the simple introduction of
ZFNs into regular cloning procedures. We have used these procedures for the expression
and purification of ZFN-10 and other ZFNs for the production of large transformation
cassettes (Zeevi V, Liang Z, Dafny R and Tzfira T., unpublished data). The relative
simplicity of the techniques employed for the construction, expression and purification of
our ZFNs make our strategy sufficiently attractive in terms of both satisfying routine lab
cloning needs and potentially allowing commercial production of ZFN enzymes. In
summary, we have developed a simple and efficient way of expressing and purifying
ZFN-10 and our studies are expected to be useful for the production of novel ZFNs and

their implementation for various applications in recombinant DNA technology.
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2.6 Tables and figures

Table 2.1. Quantitative parameters of ZFN-10 purification

Purification Total protein Total aF:tiVity Speciﬁc activity Purification Yield (%)
step content (mg) (units) (units/mg) factor

Crude 39.7 525,000 13,000 1 100
Ni-NTA 0.54 180,000 333,000 25.6 34
Gel filtration 0.21 48,000 229,000 17.6 9.1
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Figure 2.1. Structure of ZFN-10, expression vector and DNA substrate. (A) The
structure of the 24-bp-long ZFN-10 recognition site and the unique amino-acid sequences
in each zinc finger. DNA binding sites are in blue. The predicted cleavage sites are
indicated by dotted lines. (B) Structure of the pET28XH-ZFN-10 expression vector. The
ZFN-10-6xHis tag fusion ORF is under control of the T7 bacterial expression promoter.
(C) Scheme of the pSAT10-MCS plasmid. Sites of the ZFN-10 palindrome-like
recognition sites and the unique Scal site are indicated. (D) Restriction analysis of
pSAT10-MCS by crude ZFN-10.
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Figure 2.2. SDS-PAGE analysis of ZFN-10. Separation of total proteins from non-
induced (lane 1), and IPTG-induced (lane 2) ZFN-10 protein-expressing E. coli cells, and
of Ni-affinity-purified (lane 3) and gel-filtration-purified (lane 4) ZFN-10 protein. The
location of the ca. 34-kDa band corresponding to the ZFN-10 protein is indicated by an
arrowhead.
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Figure 2.3. Size-exclusion chromatography of ZFN-10. Purified ZFN-10 was eluted
from a HiPrep 16/60 Sephacryl S-100 HR column that had been calibrated with
ribonuclease A (13.7 kDa), chymotrypsinogen A (25 kDa), ovalbumin (43 kDa), albumin
(67 kDa) and blue dextran (2000 kDa) molecular mass standards. Kav values were
calculated as Kav = Ve — Vo/Vt — Vo (Vo = void volume, V't = total column volume and
Ve = elution volume). Arrow indicates the Kav corresponding to peak ZFN-10 activity.
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Figure 2.4. Analysis of ZFN-10-digested DNA products. (A) Self-ligation efficiency
analysis of pSAT10-MCS and pSAT6-MCS backbones. pSAT10-MCS was digested by
ZFN-10 lysate (crude), or Ni-affinity-purified (NiNTA) or gel-filtration-purified (GF)
ZFN-10. pSAT6-MCS was digested by PI-Pspl. (B) Restriction analysis of representative
pSAT10-¢ clones derived from pSAT10-MCS digested by ZFN-10 lysate or Ni-affinity-
purified ZFN-10. (C) Sequence analysis of representative pSAT10-o clones derived from
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pSAT10-MCS digested by ZFN-10 lysate (clones Crudel through 10), or Ni-affinity-
purified (clone NiNTA1) or gel-filtration-purified (clone GF1) ZFN-10.
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Figure 2.5. Analysis of ZFN-10 target specificity. (A) Prediction of ZFN-10 monomer
target-site binding degeneracy. (B) Scheme of the pSAT6-TS substrate plasmids. Site of
the ZFN-10 palindrome-like modified recognition site and the unique Agel site are
indicated. (C,D) Digestion efficiency of modified semi-palindromic ZFN-10 target sites
by Agel and ZFN-10. Digestion efficiency of different target sites (i.e. sites 1 through 14)
is given as percentage of the digestion of the original target site (site 0) (C), as analyzed
by agarose gel electrophoresis (D).
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Figure 2.6. Optimal temperature digestion and inactivation of ZFN-10. (A,B)
Agarose gel electrophoresis analysis (A) and quantified temperature response curve (B)
of pSAT6-TS-0 digestion by ZFN-10. (C) Agarose gel electrophoresis analysis of ZFN-
10 digestion activity prior to (-) and after (+) heat inactivation.
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Chapter 3. Increasing cloning possibilities using artificial zinc finger nucleases

3.1 Summary

The ability to accurately digest and ligate DNA molecules of different origins is
fundamental to modern recombinant DNA research. Only a handful of enzymes are
capable of recognizing and cleaving novel and long DNA sequences, however. The slow
evolution and engineering of new restriction enzymes calls for alternative strategies to
design novel and unique restriction enzymes capable of binding and digesting specific
long DNA sequences. Here we report on the use of zinc finger nucleases (ZFNs)—hybrid
synthetic restriction enzymes that can be specifically designed to bind and cleave long
DNA sequences—for the purpose of DNA recombination. We show that novel ZFNs can
be designed for the digestion of specific sequences and can be expressed and used for
cloning purposes. We also demonstrate the power of ZFNs in DNA cloning by custom-
cloning a target DNA sequence and assembling dual-expression cassettes on a single
target plasmid, a task that rarely can be achieved using type-II restriction enzymes. We
demonstrate the flexibility of ZFN design and the ability to shuffle monomers of different
ZFNs for the digestion of compatible recognition sites through ligation of compatible
ends and their cleavage by heterodimer ZFNs. Of no less importance, we show that ZFNs
can be designed to recognize and cleave existing DNA sequences for the custom-cloning

of native target DNA molecules.
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3.2 Introduction

DNA cloning is fundamental for nearly every niche of molecular biology research, and
site-specific endonucleases are the cornerstones of modern recombinant DNA technology
(57,92). The burden of site-specific DNA digestion falls on a wide variety of restriction
enzymes isolated from different organisms. A recent update of the REBASE (enzymes
and genes for DNA restriction and modification) database lists >3600 type II restriction
enzymes that have been biochemically or genetically characterized (37). But although
>600 of these restriction enzymes are currently commercially available, only 262 distinct
sequences are targeted (37), most of them 4- to 6-bp palindromic sequences. Thus, not
only are many specificities still unavailable, but the number of enzymes capable of
recognizing 8- and 10-bp-long sequences is rather small. The situation is even more
critical with respect to meganucleases—restriction enzymes capable of targeting very
large (>12 bp) sequences. To the best of our knowledge, only six different meganucleases
are currently available commercially.

Although many of the 6-bp cutters are widely used for various recombinant DNA
applications, their application can be somewhat limited by their high statistical
occurrence within various DNA sequences (93). Furthermore, their use for cloning large
DNA fragments or for the assembly of complex DNA structures is nearly impossible.
Thus, for example, the construction of large artificial DNA molecules (which may
contain several reparative elements and/or 6- and 4-bp-long recognition sites) could be
facilitated by the introduction of restriction enzymes with long and novel target

sequences (e.g., 8- and 10-bp cutters and meganucleases).
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Meganucleases (also known as rare cutters) have been particularly useful for in
vivo applications. Their high specificity makes them extremely useful for genome
engineering in mammalian, animal, and plant cells (60,61,63) and for novel cloning
purposes (64-66). Various groups are engaged in searching for, modifying, and
reengineering existing meganucleases for the targeting of novel sequences (64-66). But
the extreme specificity of meganucleases (and of other restriction enzymes, for that
matter) poses a great challenge for their engineering (24), and we have yet to witness the
commercialization and widespread use of some of the recently reported variant and novel
meganucleases (64-66).

Recently, zinc finger nucleases (ZFNs), a new type of restriction enzymes, have
been developed as a novel tool for genome engineering in living cells (46,49,51). ZFNs
provide an excellent alternative to the tedious and potentially impractical reengineering
of existing meganucleases, because they can be engineered to digest virtually any long
stretch of DNA sequence (87). ZFNs are modular proteins composed of a specifically
engineered zinc finger DNA-binding domain fused to the Fokl non-sequence-specific
DNA-cleavage domain (shown in Figure 3.1A). The zinc finger DNA-binding domain is
composed of several fingers, each engineered to bind a specific DNA triplet. Monomers
of two ZFNs must be properly aligned and function together to digest a double-stranded
target DNA sequence (26,94). The length of the spacer between the two monomers,
where Fokl actually digests the target DNA, is rather flexible; with a 6-bp spacer, the
nuclease has been proposed to typically digest between the second and fourth
nucleotides, leaving a 2-base-long 5’ overhang. Thus, a ZFN dimer, composed of two

monomers, each engineered to bind a 9-bp DNA sequence, can be used to target a 20- to
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24-bp DNA sequence. It also should be noted that custom-designed ZFNs may bind not
only to their target sites, but also to similar 9-bp sequences. But due to the very low
likelihood of finding two similar 9-bp-long sequences arranged in reverse orientation in a
semipalindromic fashion, it is likely that custom-designed ZFNs will exhibit high
specificity toward their target sequence. Furthermore, ZFNs with four or even five zinc
fingers possibly can be designed if higher specificity is required. Thus, ZFNs can be
classified as supermeganucleases, which have potential uses in various cloning tasks.
Recently, several artificially designed ZFNs have been successfully used as
powerful tools for gene targeting in various species (46,49,51,87). The rules and
protocols for the design, assembly, and testing of new ZFNs have been laid out in several
recent publications (32,94,95), but to the best of our knowledge, the application of ZFNs
and an evaluation of their potential for in vitro DNA cloning purposes have not yet been
reported. In this article, we describe the construction, expression, and purification of
several ZFNs and their successful use in recombinant DNA procedures. We demonstrate
the power of ZFNs in performing tasks that are nearly impossible using the current
repertoire of 6-bp restriction enzymes. We also demonstrate the uniqueness of ZFNs,
which lies in the ability to shuffle and combine monomers of different ZFNs for cloning
purposes, as well as the potential for digesting and cloning native target DNA molecules.
Given that >200,000 different combinations are possible with a 9-bp sequence, the ability
to engineer ZFNs to bind to such sequences represents a significant increase in the
number of restriction enzymes that possibly can be developed and may be useful for

DNA cloning.
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3.3 Experimental procedures

3.3.1 Molecular assembly of ZFNs

The ZFN DNA-binding regions (i.e., zinc finger protein domains) for ZFN10, ZFN11,
ZFN-H2a, and ZFN-H2b were designed based on a zinc-finger framework consensus
sequence developed by Desjarlais and Berg (96). The detailed recognition helices are
given in Table 3.1. Each zinc finger protein was assembled from sets of overlapping
backbone oligos (BBOs) and sequence-dependent oligos (SDOs) as described previously
(33), using a high-fidelity Pfu DNA polymerase (Stratagene). A comprehensive list of the
BBO and SDO primers used for the assembly of ZFN10, ZFN11, ZFN-H2a, and ZFN-
H2b is given in Table 3.2 (Table 3.2). Each PCR was composed of 5 pM BBO and SDO
primers and 200 pM 5"CCGCTCGAGCTGAAAAACCTTACAAGTGTCC3' and
5'GGACTAGTCCTCCAGTATGAGTACGTTGATG3' primers and was carried out for
35 cycles. PCR products were cloned into the Xhol and Spel sites of a modified pET28
vector, resulting in fusion of the zinc finger protein with the Fokl endonuclease domain
from pHS::QQR-QEQ/2300 (51) and a 6xHis-tag at the C terminus of the protein driven

by the T7 promoter.

3.3.2 Assembly of modified pSAT and pRCS plasmids

To construct pSAT10-MCS, pSAT11-MCS, and pSAT12.1-MCS, the entire plasmid
backbone of pSAT6-MCS (41) was PCR-amplified using the appropriate set of primers
(Table 3.3). The PCR product was digested by Agel and Nofl, and ligated with the 4Agel-
Notl 1.2-kb fragment from pSAT6-MCS (41). The YFP-CHS, DsRed2-P, and CHRD-

RFP expression cassettes were cloned as Agel-No#l fragments from pSAT6-EYFP-C1-
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CHS, pSAT4-DsRed2-P, and pSAT6(A)-CHRD-mRFP-N1, respectively, producing
pSAT10-YFP-CHS, pSAT11-DsRed2-P, and pSAT12.1-CHRD-RFP. pRCS11 was
constructed by modifying the MCS of pRCS2 (41); this was done by subsequent cloning
of self-annealed pairs of primers (Table 3.3) encoding the ZFN10 and ZFN11 sites into

the Kpnl and Smal sites, respectively, of pRCS2.

3.3.3 Expression of ZFN protein

For E. coli expression, ZFN expression plasmids (i.e., pET28-ZFN10, pET28-ZFN11,
pET28-ZFN-H2a, and pET28-ZFN-H2b) were transformed into BL21 GOLD (DE3) PlyS
cells (Stratagene). The cells were cultured in 100 ml of Luria broth medium
supplemented with 50 ug/ul of kanamycin and 100 uM ZnCl, and grown at 22°C. At an
ODgoo of 0.6, ZFN expression was induced by 0.7 mM IPTG for 3 h at 22°C. Cells were
harvested by centrifugation; resuspended in 35 ml of 25 mM Tris-HCI [pH 7.5], 300 mM
NaCl, 5% (vol/vol) glycerol, and 100 uM ZnCl,; and lysed twice using a French press.
Proteins were loaded on 0.5 ml of Ni-NTA agarose beads (Qiagen) and eluted with 1 ml
of buffer containing 500 mM imidazole. Eluted proteins were stored at —20°C in 50%
glycerol. Alternatively, the Expressway in vitro protein synthesis system (Invitrogen) was
used for in vitro expression of ZFN proteins. Crude in vitro-produced proteins, with or
without further purification through Ni-NTA agarose beads, were used for in vitro

digestion experiments.

3.3.4 Digestion, ligation, and transformation into E. coli

Digestion of =200 ng of plasmid DNA was carried out in 10 mM Tris [pH 8.8], 50 mM
NaCl, 1 mM DTT, 100 uM ZnCl,, 50 pg/ml of BSA, and 100 pg/ml of tRNA in a total
reaction volume of 20-30 pl. Typically, 0.05—1 pl of purified enzyme was added to the
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reaction, gently mixed, and preincubated for 30 min at room temperature, to allow the
enzyme to bind to its target sequences. MgCl, was added next, to a final concentration of
5 mM, and then the reaction was incubated for 2—40 min at room temperature. Cleaved
fragments were separated by gel electrophoresis and purified using a GFX Gel Band
Purification Kit (Amersham). Compatible ends in the target plasmids were
dephosphorylated using shrimp alkaline phosphatase (Fermentas), and fragments were
ligated with T4 ligase (NEB) and then transferred to chemically competent DH5a E. coli

cells using standard molecular biology protocols.

3.3.5 Microbombardment and confocal microscopy

For biolistic delivery, 50 ug of DNA was adsorbed onto 10 mg of 1-pum gold particles
(Bio-Rad) according to the manufacturer's instructions, and then microbombarded onto
the leaf epidermis of greenhouse-grown Nicotiana tabacum cv. Turk plants. For
cobombardment of two constructs, the plasmids were mixed at a 1:1 molar ratio before
the adsorption onto gold beads. The microbombardment was performed at a pressure of
150 psi using a portable Helios gene gun system (PDS-1000/He; Bio-Rad). After
incubation for 16-24 h at 25°C to allow expression of the transfected DNA, the plant
tissues were viewed directly under a confocal laser-scanning microscope (TCS SP5;
Leica). Enhanced YFP was excited by an argon laser at 514 nm, and fluorescence was
monitored between 520 and 540 nm. DsRed2 was excited by a helium-neon laser at 543
nm, and fluorescence was monitored between 570 and 630 nm. Chlorophyll fluorescence
was monitored >660 nm. All experiments were repeated at least three times, with 10-20

cells exhibiting fluorescent signal examined in each independent experiment.
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3.4 Results

3.4.1 ZFN-digested DNA ends can be ligated to each other

One of the basic requirements for newly isolated or recombinant restriction enzymes is
their ability to accurately and specifically digest donor and recipient DNA molecules. We
thus tested whether an artificial ZFN could specifically and accurately digest target DNA
molecules, and also whether the products of such digestion could be purified and ligated
using common molecular cloning protocols. Toward this end, we first engineered the
plasmid pSAT10-MCS (multiple cloning site) to carry two identical 24-bp sequences,
each composed of a pair of 9-bp sequences, acting as a palindrome, separated by a 6-bp
nonpalindromic sequence (Figure 3.1B). We next engineered ZFN10, a ZFN monomer
with three zinc fingers capable of binding in a specific orientation to the ATGGATGCA
sequences on pSAT10-MCS, as illustrated in Figure 3.1A. Because an active ZFN10 site
is actually composed of two 9-bp sequences making up a “palindrome-like” recognition
site, two ZFN10 proteins were expected to function as a homodimer and cleave within
the 6-bp spacer, as reported previously for other ZFNs (72). It is important to note that we
designed the spacer sequence such that if digestion occurs between the second and fourth
nucleotides, located on the upper and lower strands, respectively (Figure 3.1A), then the
overhanging parts of the digested molecules can easily ligate to each other.

We expressed ZFN10 in E. coli cells, but the crude protein extract proved useless
for accurate digestion of our target pSAT10-MCS plasmid, leading to nearly complete
degradation of the sample DNA (data not shown). Thus, we further purified the enzyme
by binding it to Ni-NTA agarose beads (Figure 3.1C). Indeed, Ni-NTA—purified ZFN10

was able to release a specific ZFN10-flanked 1.2-kb fragment from pSAT10-MCS
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(Figure 3.1D). Similarly, in vitro-expressed ZFN10 also released a well defined ZFN10-
flanked fragment from pSAT10-MCS (data not shown). Thus, both E. coli— and in vitro-
expressed ZFNs were useful for the efficient and specific digestion of target DNA
molecules, and we used them alternately throughout this study.

We next purified the ZFN10-digested plasmid backbone from the gel and
subjected it to a simple in vitro ligation procedure. We used commercial T4 ligase in an
overnight ligation reaction and then transferred the entire reaction into chemically
competent DHS5a E. coli cells. We recovered a large number of recombinant colonies and
analyzed their structure by both restriction pattern analysis and DNA sequencing. Figure
3.1D shows that whereas the digestion of the parental pSAT10-MCS by Agel and Notl
(which are located internal to the ZFN10; Figure 3.1B), or solely by ZFN10, released a
1.2-kb fragment, digestion of the self-ligated plasmid's backbone (pSAT-@] was limited
to ZFN10. The plasmid no longer could be digested by Agel or Notl (compare the
Agel/Notl and ZFN10 digestions of pSAT10-MCS and pSAT—@q Figure 3.1D). Indeed,
pSAT—@‘{waS missing the entire MCS fragment and was 1.2 kb shorter than its parental
plasmid pSAT10-MCS (compare the Ndel digestions of pSAT10-MCS and pSAT—@q
Figure 3.1D). This digestion pattern suggests that after removal of the ZFN10-digested
1.2-kb fragment, ligation of the two ZFN10 sites resulted in the accurate reconstruction
of a new ZFN10 site at the ligation site. Indeed, DNA sequencing of several recombined
clones clearly showed the accurate assembly of a new ZFN10 site (Figure 3.1E). Thus,
ZFNs not only can be expressed using both E. coli and in vitro expression systems, but
also can be used for accurate digestion, and the ZFN-digested DNA molecules can be

accurately ligated and recovered using common recombinant DNA protocols.
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3.4.2 ZFNs can be used to assemble large and complex DNA constructs

Once we found that ZFN10 can be used to digest and self-ligate single DNA molecules,
we then set out to determine whether ZFNs can be designed and used to recombine DNA
fragments from different plasmids. We chose the challenge of assembling two expression
cassettes onto a single plasmid. This task cannot typically be achieved using type II
restriction enzymes, because of the high occurrence of their recognition sites in the two
expression cassettes and the cloned genes (38). One approach to assembling multiple
expression cassettes onto a single plasmid is to flank each cassette with novel sequences
and use rare-cutters for their digestion and cloning into an acceptor plasmid (38,41).
Basing our strategy on this approach, we decided to construct two plasmids in which each
expression cassette was flanked by a different ZFN. We began by constructing pSAT10-
YFP-CHS and pSAT11-DsRed2-P, a pair of satellite plasmids (41) carrying plant
expression cassettes for the yellow fluorescent protein (YFP)-tagged endoplasmic
reticulum protein chalcone synthase (CHS) (97) and the DsRed2-tagged protein P of
Sonchus Yellow Net Virus (SYNV) (98), respectively. The YFP-CHS and DsRed2-P
expression cassettes were flanked by ZFN10 and ZFN11 24-bp-long recognition sites,
respectively (Figure 3.2A). We also engineered ZFN11, a ZFN monomer capable of
binding to the 9-bp sequences composing the ZFN11 recognition site (data not shown).
We constructed pRCS11, a binary plasmid, to carry the ZFN10 and ZFN11 recognition
sites on its MCS (Figure 3.2B). We successively cloned the YFP-CHS and DsRed2-P
expression cassettes from pSAT10-YFP-CHS and pSAT11-DsRed2-P using ZFN10 and
ZFN11, respectively, into their corresponding sites on pRCS11. Bombardment of the

resultant plasmid, pRCS11[YFP-CHS][DsRed2-P], into tobacco mesophyll cells
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demonstrated the successful mounting of both expression cassettes onto the acceptor
plasmid.

Consistent with previous observations (97,98), DsRed2-P was found in both the
cell nucleus and the cytoplasm, whereas YFP-CHS decorated the rough endoplasmic
reticulum and the nucleus (Figure 3.2C). Furthermore, when we cobombarded
pRCS11[YFP-CHS][DsRed2-P] with pSAT3-N (41), a plasmid expressing free SYNV N
protein, the DsRed2-P accumulated predominantly in the nucleus (compare the
expression pattern of DsRed2-P in the presence and absence of N; Figure 3.2C), in
accordance with the N protein's function: translocating the P protein into the host cell
nucleus (98).

We next analyzed the ligation junction site sequences, and found that ZFN-
digested cassettes were accurately ligated into their corresponding cloning sites on
pRCS11 (Figure 3.2D). Collectively, our data suggest that ZFNs can be used
successfully for the accurate digestion and recombination of DNA fragments from
different sources and can be useful for unique tasks, such as the assembly of complex and

multigene transformation vectors.

3.4.3 ZFNs can be used to clone native DNA molecules

The potential use of ZFNs for cloning purposes goes far beyond the cloning of artificially
assembled DNA sequences. An important feature of ZFNss is their ability to recognize
and cleave existing native sequences. We chose the Arabidopsis ATP-dependent
chloroplast-protease-encoding FtsH2 gene as a model sequence to demonstrate how
ZFNs can be designed and used to assist in the cloning of existing DNA molecules. To

further demonstrate the flexibility of ZFN design (i.e., targeting various lengths of
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sequences), we selected a 22-bp-long target sequence and constructed a pair of new ZFN
monomers designated ZFN-H2a and ZFN-H2b, capable of binding two target sequences
on our model genomic sequence separated by a 4-bp-long spacer (Figure 3.3A). We next
used ZFN-H2a and ZFN-H2b as a heterodimer ZFN to digest their target and linearize a
plasmid carrying a genomic fragment containing the FtsH2 gene. The linearized plasmid
was gel-purified and further digested with Kpnl, which released the expected 1.5-kb
fragment. Because digestion with ZFNs leaves a 5’ overhang, we used Klenow fragment
to fill in the recessed 3’ ends of the digested site, and cloned the semiblunted fragment
into the Smal and Kpnl sites of our target plasmid, pSL301. Sequence analyses of the
ligation junction between the FtsH2 fragment and the Smal site on pSL301 (Figure 3.3B)
in recombinant molecules revealed the different cleavage point made by the ZFN-
H2a/ZFN-H2ba pair digested at the 4-bp spacer between the 9-bp DNA-binding
recognition sites (Figure 3.3B). These observations are in line with a previous report (72)
showing that ZFN digestion patterns may depend on the length of the spacer between the
ZFN monomers' binding sites. Thus, our data demonstrate that ZFNs can be designed to

facilitate in vitro cloning of not only artificial, but also native DNA sequences.

3.4.4 ZFN monomers can be shuffled for digestion compatibility

The unique structure of a typical ZFN recognition site allows for flexible design in
producing ZFNs with compatible restriction patterns. With the proper spacer sequence,
pairs of ZFNs can be designed to function as compatible enzymes during the ligation of
two DNA molecules (similar to the compatibility existing between, e.g., BamHI and
Bglll). To demonstrate this feature for artificially designed ZFNs, we linearized

pSAT12.1-CHRD-RFP, a plasmid carrying a ZFN-H2a recognition sequence (Figure
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3.4A) and the RFP-tagged chloroplast ChrD protein expression cassette, and cloned it
into the ZFN10 recognition site on pRCS11 (Figure 3.4B). Bombardment of the resultant
plasmid, pRCS11[10/12.1-CHRD-RFP], into tobacco mesophyll cells demonstrated the
functionality of the CHRD-RFP expression cassette, as evidenced by a distinct red signal
in the chloroplasts (data not shown). More importantly, sequence analyses of the ligation-
junction sites revealed accurate ligation between the ZFN-H2a- and ZFN10-digested
DNA fragments (Figure 3.4C).

Naturally, because the palindrome-like ZFN10 and ZFN-H2a recognition
sequences at the ligation sites were lost after the ligation (Figure 3.4C), we predicted that
ZFN10 and ZFN-H2a would not be able to digest any of these sites on the recombined
plasmid. To examine this hypothesis, we isolated a 1-kb ApaLI-HindIIl fragment
containing a ZFN-H2a/ZFN10 recombination site from pRCS11[10/12.1-CHRD-RFP]
and redigested it with either ZFN10 or ZFN-H2a. Indeed, as shown in Figure 3.4D,
although the fragment could be digested by Kpnl, an enzyme with recognition sites
located near the ZFN-H2a/ZFN10 junction recognition site, neither ZFN10 nor ZFN-H2a
alone was capable of digesting the recombined site. More importantly, because both
ZFN10 and ZFN-H2a could each still bind to their corresponding 9-bp sites and because
they share a similar structure typical of all ZFNs, they potentially could function as
heterodimers and digest at the junction site. Indeed, digestion of the 1-kb Apal.I-HindIII
fragment with a combination of ZFN10 and ZFN-H2a resulted in a digestion pattern
similar to that after digestion with Kpn/ alone (Figure 3.4D), suggesting that the ZFN10-

ZFN-H2a heterodimer indeed is capable of binding and digesting the ZFN10/ZFN-H2a
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junction recognition site. Thus, our data demonstrate that ZFN monomers can be shuffled

and matched for digestion, cloning, and analysis of recombined molecules.

3.5 Discussion

Novel restriction enzymes with unique specificities, particularly enzymes that are capable
of recognizing and cleaving long sequences, are extremely useful for genome analysis
and manipulation, assembly of complex DNA structures, and genome editing (99-101).
Thus, although other molecular techniques, such as overlap extension polymerase chain
reaction (PCR), Sfil-based ligation, multiGATEWAY recombination, and uracil-DNA
glycosylase, can be used for the construction of complex DNA structures (38,102), the
search continues for novel and rare-cutting restriction enzymes that can facilitate the
cloning of DNA molecules. Various approaches have been taken to creating artificial rare
cutters, most involving engineering existing enzymes for unique specificities. For
example, a rational approach combined with a cell-based high-throughput assay was
recently used to identify functional variants of the naturally occurring rare cutter I-Crel
(65). In another approach, a unique positive and negative selection system was developed
to direct the in vivo evolution of a I-Scel mutant with altered DNA-cleavage specificities
(103). Although such approaches potentially can be used to develop additional variants
and novel restriction enzymes, they have proven quite challenging. In fact, most of these
methods require special expertise (24,104), and they rarely if ever help in the prediction
or assembly of new restriction enzymes with predetermined novel target sequences. Thus,
for example, although Lanio ef al. (105) used a structure-guided approach to alter the
recognition sequence of EcoRV and produced several variants with altered selectivity,

none had the desired (and predicted) selectivity. Because the structure of many restriction
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enzymes is not modular by nature (in contrast to, e.g., zinc finger transcription factors),
reengineering such enzymes to bind novel sequences while maintaining their specific
enzymatic activity is a challenge (104).

The development of ZFNs as a tool for genome engineering (87) laid the
foundation for the design and assembly of novel restriction enzymes. Important
advantages of ZFNs as rare-cutting restriction enzymes include the clear separation
between their DNA-binding and catalytic domains, and the ability to design them from
the ground up. The rules and protocols for the design and assembly of novel ZFNs have
been laid out in several recent publications (32,33,94,95,106), and a collection of ZFNs
already has been assembled and successfully used in gene-targeting experiments in
various species (46,49,51,87). During the course of this study, we successfully used
publicly available knowledge and information for the design and construction of four
novel ZFNss, all of which were then successfully used for cloning purposes. We used
basic protein expression and purification methods for the production of our proteins.
These protocols are similar to those used for the development and analysis of other ZFN
proteins (33,46,94,95); thus, we suggest that similar strategies can be used to produce
novel ZFNs suitable for in vitro DNA digestion in cloning tasks. We also used routine
molecular biology procedures for digestion, purification, and ligation of our target and
vector DNA molecules, further supporting the notion that self-produced ZFNs can be
easily implemented into existing recombinant DNA protocols.

The biochemical properties and digestion characteristics of ZFNs have been the
subject of several reports (33,72). When properly aligned on their target DNA, two ZFN

monomers will act together to digest spacers of different lengths and will leave various
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lengths of 5’ overhang (33,72,94). This phenomenon allows for great flexibility in the
design and use of ZFN monomers for the cloning of native sequences, and also in the
construction of artificial complex DNA constructs. We demonstrated this flexibility
during the cloning of the FtsH2 genomic clone (Figure 3.3) and the assembly of the
CHRD-RFP expression cassette onto a plant-transformation vector (Figure 3.4). We
showed that although ZFN-H2a was originally designed to function together with ZFN-
H2b in digesting a unique 22-bp-long target site in the FtsH2 genomic sequence, it also
could be used to target a 24-bp palindrome-like recognition site carrying a 6-bp spacer.
Furthermore, we showed that different ZFN monomers potentially can be shuffled to act
together, because the product of ZFN-H2a was ligated into a ZFN10-digested vector, and
product could then be digested by a mixture of ZFN-H2a and ZFN10 (Figure 3.4D).
ZFN-H2a and ZFN-H2b were designed to target a native genomic sequence and
were intentionally located only a short (4-bp) distance from each other (Figure 3.3A).
This design allowed us to demonstrate that, in line with the notion that the ZFN digestion
pattern depends on the length of the target spacer (72), digestion of the 4-bp-long
sequence indeed occurred at different positions on the spacer (Figure 3.3B). Although we
cannot rule out the possibility that the digestion of a 6-bp-long spacer also produces
various 5" overhang products, a sequence analysis of the ZFN-H2a/ZFN10 ligation
junctions indicates that at least in the cases that we examined, digestion of both the target
and vector sequences occurred between the third and fourth nucleotides of the spacer
(Figure 3.4C). Rare cutters' ability to achieve site-specific digestion of such long spacers
allows for another important use, in directional cloning (Figure 3.2). Directional cloning

is particularly important during the assembly of complex multigene transformation
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vectors, where the direction of several expression cassettes in relation to others may
affect the expression patterns of the cloned genes. Whereas the assembly of multigene
expression cassettes possibly can be acheived by various means, methods that are based
on the use of rare-cutting restriction enzymes, are expected to be more relevant to the
assembly of multigene transformation vectors (38) and other complex DNA structures.
The latter approaches certainly will benefit from the introduction of a much larger
collection of novel rare cutters. Although in this article we have described the use of only
four new rare cutters for cloning purposes, the previous descriptions of many others
(46,49) along with the relative ease of design and assembly of such enzymes, support the
notion that various novel ZFNs can be constructed and introduced for recombinant DNA
applications. Furthermore, because ZFN monomers with four or more fingers potentially
can be designed to target sequences of 12 bp or longer, they can be used to produce ZFNs
with extremely high specificity.

To conclude, here we have shown for the first time that ZFNs can be used for
accurate in vitro cloning of DNA molecules of both artificial and native DNA sequences.
Furthermore, we have shown that ZFNs can be used in conjunction with commercially
available restriction enzymes, and that pairs of ZFNs can be designed for compatibility.
Because ZFNs can be specifically tailored to suit individual needs (32,33,94), they

represent a powerful and novel addition to the molecular biologist's toolbox.
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3.6 Tables and figures

Table 3.1. Recognition helices for ZFN10, ZFN11, ZFN-H2a, and ZFN-H2b

Target (5°— 3’) | Recognition Recognition Recognition
Helix I Helix II Helix 111

ZFN10 | ATGGATGCA | QSGDLRR* TSGNLVR? RRDELNV®
ZFN11 TTGTGGGAA | QSSNLQK® RSDHLTT® RSDSLTK®
ZFN- GTTGGTGCT | QSSDLTR' TSGHLVR? TSGSLVR®
H2a
ZFN- GCTGCTGTC | DRSALAR' QSSDLTR' QSSDLTR'
H2b

%29), °(27),%(107), 4(30),°(33), {(106)
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Table 3.2. Primers used for the assembly of ZFN10, ZFN11, ZFN-H2a, and ZFN-
H2b. Underlined letters indicate complementary regions between BBO and the
corresponding SDO primers

Name Use Sequence (5'— 3")
BBO1 Backbone GAAAAACCTTACAAGTGTCCTGAATGTGGAAAGT
primer 1 CTTTTTCT
BBO2 Backbone CAGCGAACACACACAGGTGAGAAGCCATATAAA
primer 2 TGCCCAGAATGTGGTAAATCATTCAG
BBO3 Backbone CAACGGACCCACATCCGGGGAGAAGCCATTTAAA
primer 3 TGCCCTGAGTGCGGGAAGAGTTTTT
ZFP10- Helix ACCTGTGTGTGTTCGCTGGTGACGACGCAAATCT
SDO1 primer [ in | CCAGACTGAGAAAAAGACTTTCCACA
ZFP10
ZFP10- Helix CCCGGTGTGGGTCCGTTGGTGACGAACCAAATTT
SDO2 primer Il in | CCAGAAGTACTGAATGATTTACCACA
ZFP10
ZFP10- Helix TCCAGTATGAGTACGTTGATGAACATTCAATTCA
SDO3 primer Il in | TCACGACGTGAAAAACTCTTCCCGCAC
ZFP10
ZFP11- Helix ACCTGTGTGTGTTCGCTGGTGCTTCTGAAGGTTGC
SDO1 primer [ in | TAGACTGAGAAAAAGACTTTCCACA
ZFP11
ZFP11- Helix CCCGGTGTGGGTCCGTTGGTGAGTAGTAAGATGA
SDO2 primer Il in | TCGGAACGACTGAATGATTTACCACA
ZFP11
ZFP11- Helix TCCAGTATGAGTACGTTGATGCTTAGTTAGTGAA
SDO3 primer Il in | TCGGAACGTGAAAAACTCTTCCCGCAC
ZFP11
ZFN-H2a- Helix ACCTGTGTGTGTTCGCTGGTGACGAGTAAGATCA
SDO1 primer [ in | GAAGACTGAGAAAAAGACTTTCCACA
ZFN-H2a
ZFN-H2a- Helix CCCGGTGTGGGTCCGTTGGTGACGAACAAGATGT
SDO2 primer Il in | CCAGAAGTACTGAATGATTTACCACA
ZFN-H2a
ZFN-H2a- Helix TCCAGTATGAGTACGTTGATGACGAACAAGAGAT
SDO3 primer Il in | CCAGAAGTTGAAAAACTCTTCCCGCAC
ZFN-H2a
ZFN-H2b- Helix ACCTGTGTGTGTTCGCTGGTGACGAGCAAGAGCA
SDO1 primer [ in | GAACGATCAGAAAAAGACTTTCCACA
ZFN-H2b
ZFN-H2b- Helix CCCGGTGTGGGTCCGTTGGTGACGAGTAAGATCA
SDO2 primer Il in | GAAGACTGACTGAATGATTTACCACA
ZFN-H2b
ZFN-H2b- Helix TCCAGTATGAGTACGTTGATGACGAGTAAGATCA
SDO3 primer Il in | GAAGACTGTGAAAAACTCTTCCCGCAC

ZFN-H2b
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Table 3.3. Primers used for the construction of pSAT10, pSAT11, pSAT12.1, and
pRCS11. Underlined letters indicate ZFN target sites.

Name Used in Sequence (5'— 3")
assembly of

SATI10-F pSATI10 ATAAGAATGCGGCCGCTGCATCCATGTAAGT
ATGGATGCAGTAATCATGGTCATAGCTGTTTC
C

SAT10-R-V2 | pSATI10 GACGCACCGGTTGCATCCATACTTACATGGA
TGCAGGCACTGGCCGTCGTTTTACAACG

SATI11-F pSATI1 ATAAGAATGCGGCCGCTTCCCACAAGTAAGT
TTGTGGGAAGTAAGTATGGATGCAGTAATCA
TGGTCATAGCTGTTTCC

SATI1-R pSATI1 GACGCACCGGTTTCCCACAAACTTACTTGTGG
GAAGGCACTGGCCGTCGTTTTACAACG

SATI12-F pSATI2.1 ATAAGAATGCGGCCGCAGCACCAACGTAAGT
GTTGGTGCTGTAAGTATGGATGCAGTAATCA
TGGTCATAGCTGTTTCC

SATI2-R pSATI12.1 GACGCACCGGTAGCACCAACACTTACGTTGG
TGCTGGCACTGGCCGTCGTTTTACAACG

RCS11-UP-1 pRCSI11 TCCCCCGGGTTCCCACAAACTTACTTGTGGGA
AAGCACCAACACTTACGTTGGTGCTCCCGGG
GGA

RCS11-DW-1 | pRCS11 TCCCCCGGGAGCACCAACGTAAGTGTTGGTG
CTTTCCCACAAGTAAGTTTGTGGGAACCCGG
GGGA

RCS11-UP-2 pRCSI11 GGGGTACCTGCATCCATACTTACATGGATGC
AGGTACCCC

RCS11-DW-2 | pRCS11 GGGGTACCTGCATCCATACTTACATGGATGC

AGGTACCCC
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Figure 3.1. Structure and expression of ZFNs and their use for DNA cloning. A. The
structure of a typical 24-bp-long ZFN recognition site and its corresponding zinc finger
protein, exemplified by ZFN10. DNA triplets (blue) and their binding zinc fingers (ovals)
are numbered correspondingly. The unique amino acid sequences in each zinc finger are
in purple. The Fokl cleavage domain (F) is linked to the zinc finger protein's carboxyl
terminus, and the predicted cleavage sites are indicated by arrowheads. B. Scheme of the
pSAT10-MCS plasmid. Sequences of the ZFN10 palindrome-like recognition sites are in
blue. C. Separation of total crude extract from induced (+IPTG) and noninduced (-IPTG)
ZFNI10 protein-expressing E. coli cells and of purified ZFN10 protein (P). The 34-kDa
band corresponding to the ZFN10 protein is indicated. D. Restriction analysis of the
parental pSAT10-MCS and its progeny plasmid pSATlO-@q E. Sequence analysis of the
ZFN10 ligation site in one of the pSATlO-@‘plasmids. Sequences of the reconstructed
ZFN10 palindrome-like recognition sites are in blue.
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Figure 3.2. Assembly of dual-expression cassettes by ZFNs. A. Schemes of pSAT10-
YFP-CHS and pSATI11-DsRed2-P. Sequences of ZFN10 and ZFN11 recognition sites are
in purple, and the predicted cleavage sites in each sequence are indicated by arrowheads.
B. Scheme of the pRCS11 acceptor plasmid. Sequences of ZFN10 and ZFN11
recognition sites in the plasmid's MCS are in blue. C. Detection of YFP-CHS and
DsRed2-P expression from pRCS11[YFP-CHS][ DsRed2-P]-bombarded plant cells in the
presence (+N) or absence (-N) of the N protein of SYNV. Expression of YFP-CHS,
DsRed-P, and chloroplast autofluorescence is shown in yellow, blue, and red,
respectively. The images are projections of several confocal sections. D. Sequence
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analysis of the ZFN10 and ZFN11 ligation sites in pRCS11[YFP-CHS][DsRed2-P].
ZFN10 and ZFN11 sequences derived from the acceptor plasmid pRCS11 are in blue,
and those derived from the inserted expression cassettes are in purple.
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Figure 3.3. Custom-cloning of a target DNA sequence. A. Outline of the Arabidopsis
FtsH2 genomic clone. Sequences of the ZFN-H2a and ZFN-H2b binding sites are shown
in blue. B. Sequence analysis of ZFN-H2a-ZFN-H2b/Smal and Kpnl/Kpnl junctions in
various pSL301-AtFtsH2 clones. Sequences derived from the Smal site on acceptor
plasmid pSL301 are in purple, and those derived from the inserted DNA are in blue.
Filled-in nucleotides are underlined.
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Figure 3.4. DNA cloning using compatible ZFNs. A. Scheme of pSAT12.1-CHRD-
RFP. The ZFN-H2a recognition-site sequence is in purple, and the predicted cleavage
sites are indicated by arrowheads. B. Scheme of the pRCS11 acceptor plasmid. The
ZFN10 recognition site in the plasmid's MCS is in blue. C. Sequence analysis of the
ZFN10/ZFN-H2a junctions at the ligation sites in pRCS11[10/12.1-CHRD-RFP]. The
ZFNI10 recognition sequences derived from the acceptor plasmid pRCS11 are in blue,
and the ZFN-H2a sequences derived from pSAT12.1-CHRD-RFP are in purple. D.
Restriction analysis of an =1-kb-long Apall-HindIIl fragment from pRCS11[10/12.1-
CHRD-RFP]. The fragment's restriction map, which includes a ZFN-H2a/ZFN10 ligation
junction, is on the right.
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Chapter 4. A toolbox and procedural notes for characterizing novel zinc finger

nucleases for genome editing in plant cells

4.1 Summary

Induction of double-strand breaks (DSBs) in plant genomes can lead to increased
homologous recombination or site-specific mutagenesis at the repair site. This
phenomenon can potentially be used for gene targeting applications in plant cells upon
the induction of site-specific genomic DSBs using zinc finger nucleases (ZFNs). ZFNs
are artificial restriction enzyme, custom-designed to cleave a specific DNA sequence.
Tools and methods for ZFN assembly and validation could potentially boost their
application for plant gene targeting. Here we report on the design of biochemical and in-
planta methods for analyses of newly designed ZFNs. Cloning begins with de-novo
assembly of the DNA-binding regions of new ZFNs from overlapping oligonucleotides
containing modified helices responsible for DNA-triplet recognition, and the fusion of the
DNA-binding domain with a Fokl endonuclease domain in a dedicated plant expression
cassette. Following the transfer of fully assembled ZFNs into Escherichia coli expression
vectors, bacterial lysates were found to be most suitable for in-vitro digestion analysis of
palindromic target sequences. A set of three in-planta activity assays were also developed
to confirm the nucleic activity of ZFNs in plant cells. The assays are based on the
reconstruction of GUS expression following transient or stable delivery of a mutated uidA
and ZFN-expressing cassettes into target plants cells. Our tools and assays offer cloning
flexibility and simple assembly of tested ZFNs and their corresponding target sites into
Agrobacterium binary plasmids, allowing efficient implementation of ZFN-validation
assays in planta.
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4.2 Introduction
The targeting and modification of native genomic sequences (gene targeting, GT) in yeast
and animal cells is often made possible by homologous recombination (HR) between the
donor and chromosomal DNA (108). Several attempts have been made, with only little
reported success, to introduce efficient HR-based GT methods for use in plant species.
These include, for example, using a strong positive- and negative-selection scheme (9), or
overexpressing a HR-related yeast protein in Arabidopsis plants (10). It seems that the
dominance of non-homologous end joining (NHEJ) over HR in plant DNA repair, and by
implication the integration of foreign DNA into the plant genome, does not permit
efficient HR between donor and chromosomal DNA (3,109,110). Methods are therefore
needed to increase the rate of HR or interfere with the random foreign DNA integration
process in plants.

Enhanced HR can potentially be achieved in plant cells by creating genomic
DSBs at the target site (111). Thus, for example, expression of I-Scel, a rare-cutting
restriction enzyme, has been shown to lead to a significant increase in HR-mediated GT
in tobacco plants (20,60), and expression of HO endonuclease has been shown to enhance
intrachromosomal recombination in Arabidopsis plants (112). Expression of rare-cutters
can also lead to site-specific integration of foreign DNA molecules and to induction of
site-specific mutagenesis. For example, expression of [-Scel and I-Ceul led to deletions,
insertions and targeted integration of foreign DNA molecules in the break sites of
tobacco plants (21-23). The potential of using rare-cutters to increase HR rate or as site-
specific mutagens is thus very clear (101,113). Nevertheless, their use is limited to rarely

occurring natural recognition sites or to artificial target loci. Furthermore, the ability to
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re-engineer rare-cutters for novel DNA-target specificities is both difficult and tedious
(101) which limits their use for GT experiments. One possible route to overcoming these
technological challenges is the use of zinc finger nucleases (ZFNs) - synthetic restriction
enzymes which can be specifically designed to cleave virtually any long stretch of
double-stranded DNA sequence (for recent reviews see Refs. 26,87,94). Indeed,
expression of ZFNs in living cells has been shown to produce genomic DSBs, leading to
enhanced HR, site-specific mutagenesis and targeted gene addition in various species
(e.g. Refs. 43,49,75,114-116). Two independent reports have demonstrated the use of
ZFNs for genome modifications in plant cells. In one, ZFNs were used to increase the
frequency of HR in tobacco plants (52) and in the other, ZFNs were used to induce site-
specific mutagenesis in Arabidopsis plants (51).

The rules and protocols for the assembly of new ZFNs have been the subject of
several excellent recent reports (e.g. Refs. 32,33,94), and various tools and vectors for the
design and assembly of novel ZFNs are available from Carlos Barbas laboratory
(www.zincfingertools.org) and the Zinc Finger (ZF) Consortium
(http://www.zincfingers.org). It should be noted, however, that while we can potentially
design ZFNss to target virtually any genomic sequence, caution needs to be exercised in
their construction based solely on computational methods and their subsequent use for
targeting experiments in plant cells (and any other species for that matter). Ramirez et al.
(36), for example, recently reported an unexpected failure rate for the modular assembly
of new engineered zinc finger domains and pointed to some of the experimental obstacles
that can hinder the assembly and evaluation of novel ZFNs. Thus, the application of ZFN

technology for GT experiments requires not only the design and assembly of novel ZFNs,
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but also proper validation of their activity in living cells. More specifically, it is important
not only to verify that newly designed ZFNs can not only bind and digest in vitro target
sequences, but can also digest target sequences in vivo (Cathomen et al., 2008; Porteus,
2008).

Realizing the importance of analyzing and testing the binding and digestion
activities of new ZFNs, several groups have developed assays for their analysis. These
include, for example, a bacterial cell-based reporter assay that analyzes the DNA-binding
activities of zinc finger domains (32), a cell culture-based system suitable for analyzing
the digestive activity of newly designed ZFNs in mammalian cells (117) and a digestion
assay for in-vitro analysis of ZFN digestion activity (33). While these assays can
facilitate the assembly and analysis of ZFNs for in-vitro use and for GT in mammalian
cells and other model organisms (e.g. Refs. 69,117,118), no specialized vectors, tools or
protocols have been described to assist with the development and validation of ZFNs in
plant species.

Here we describe a set of assays and vectors suitable for the assembly, expression
and functional analysis of novel ZFNs in plant cells. In addition to an in-vitro digestion
assay, we designed three in-planta digestion assays which can be used for functional
analysis of newly assembled ZFNs on transiently delivered and chromosomally
integrated target DNA molecules. The flexibility of our vector design, which allows easy
assembly and transfer of ZFN coding sequences between bacterial and plant expression
vectors, the ability to clone ZFN expression cassettes onto Agrobacterium binary vectors

and the simplicity of our in-planta digestion assays which are based on reconstruction of
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the GUS reporter gene in living cells, provide the user with a useful collection of

plasmids and assays for the development of ZFNs for plant research and biotechnology.

4.3 Experimental procedures

4.3.1 DNA constructs

Standard DNA amplification and cloning methods were used during the construction of
all our vectors, unless noted otherwise. To produce a plant ZFP cloning vector that carries
a NLS and the Fokl endonuclease domain, we first cloned the NLS coding sequence by
annealing the
5’CATGCCATGGTGCCAAAAAAGAAGAGAAAGGTAGAAGACCCCTCTCGAGC
GG and
5’CCGCTCGAGAGGGGTCTTCTACCTTTCTCTTCTTTTTTGGCACCATGGCATG
primers and cloning the DNA product as an Ncol-Xhol fragment into pSAT6-MCS (41),
producing pSAT6.35SP.NLS-MCS. We next PCR-amplified the Fokl endonuclease
domain from pHS::QQR-QEQ/2300 (51) using the
5’ACGCGTCGACGGACTAGTCAAAAGTGAACTGG and
5’GAAGATCTTTAGGATCCAAAGTTTATCTCGCCGTTATTAAA primers and
cloned it as a Sal/l-Bgl/II fragment into the Sal/l and BamHI sites of pSAT6.35SP.NLS-
MCS, producing pSAT6.35SP.NLS-Fokl. Finally, we transferred the NLS-Fokl
expression cassette as an Agel-Notl fragment from pSAT6.35SP.NLS-Fokl into pSAT4-
MCS (41), producing pSAT4.35SP.NLS-Fokl. To produce pET28.XH we first annealed
the S’AACTTTGGATCCCTCGAGTAGGACTGCAGGCTTGCGGCCGCACTCGA
and S"TCGAGTGCGGCCGCAAGCCTGCAGTCCTACTCGAGGGATCCAAAGTT

primers and cloned the DNA product as a BamHI-NotI fragment into the pET28c(+)
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bacterial expression vector (Invitrogen) producing the intermediate plasmid pET28.XX.
We next removed the spacer between the BamHI site and the 6xHis coding sequence by
cleaving pET28.XX at two Xhol sites and self-ligating it. The resultant pET28.XH
contained unique Ncol and BamHI sites allowing the assembly of a ZFN::6xHis fusion in
a single cloning step.

To produce a constitutive plant expression cassette for the ZFN QQR, we PCR-
amplified the QQR coding sequence from pHS::QQR-QEQ/2300 and cloned it as an
Ncol-BamHI fragment into pSAT4.35SP.NLS-Fokl, producing pSAT4.35SP.QQR. To
produce a heat-shock-inducible plant expression cassette for QQR, we PCR-amplified the
HSP18.2 promoter sequence from pHS::QQR-QEQ/2300 and cloned it into the Agel-
Ncol sites of pSAT4.35SP.QQR, replacing the tandem CaMV 35S promoter with an
HSP18.2 promoter, and producing pSAT4.hspP.QQR. To produce a constitutive plant
expression cassette for ZFN3, the ZFP was first assembled from a set of overlapping
backbone oligonucleotides (BBO primers:
5'GAAAAACCTTACAAGTGTCCTGAATGTGGAAAGTCTTTTTCT,
5'CAGCGAACACACACAGGTGAGAAGCCATATAAATGCCCAGAATGTGGTAA
ATCATTCAG and
5'CAACGGACCCACACCGGGGAGAAGCCATTTAAATGCCCTGAGTGCGGGAA
GAGTTTTT) and sequence-dependent oligonucleotides (SDO primers:
5S'ACCTGTGTGTGTTCGCTGGTGACGAGTAAGATCAGAAGACTGAGAAAAAGA
CTTTCCACA,
5'CCCGGTGTGGGTCCGTTGGTGACGAACAAGATGTCCAGAAGTACTGAATGA

TTTACCACA and
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S'TCCAGTATGAGTACGTTGATGACGAACAAGAGATCCAGAAGTTGAAAAACT
CTTCCCGCAC) as previously described (33) using high-fidelity Pfu DNA polymerase
(Stratagene). The PCR mixture, consisting of 5 pM each of BBO and SDO primers and
200 pM each of 5'CCGCTCGAGCTGAAAAACCTTACAAGTGTCC3’ and
5'GGACTAGTCCTCCAGTATGAGTACGTTGATG3’ primers, was carried out for 35
cycles. The PCR product was cloned into the X#ol and Spel sites of pSAT4.NLS-Fokl,
producing pSAT4.35SP.ZFN3.

For expression of ZFN in E. coli cells, the QQR and ZFN3 coding sequences were
transferred from pSAT4.35SP.QQR and pSAT4.35SP.ZFN3 as Ncol-BamHI fragments
and cloned into pET28.XH, producing pET28. XH-QQR and pET28. XH-ZFN3,
respectively. The ZFN3 target plasmid pSAT6.ZFN3-TS was constructed by annealing
the S’>CGATAGCCATGGAGCACCAACACCAGTTGGTGCTCTGCAGTCGACG and
5’CGTCGACTGCAGAGCACCAACTGGTGTTGGTGCTCCATGGCTATCG primers
and cloning the DNA product as an Ncol-Ps¢l fragment into pSAT6-MCS. To produce
mutated GUS-expression vectors carrying the QQR zinc finger recognition sites, the uidA
coding sequence was PCR-amplified from pRTL2-GUS using the forward
5’GGGGTACCATGTTCTTCCCCTCCTGAGGGGAAGAATTACGTCCTGTAGAAA
CCCC and reverse 5’>CGGGGTACCATGTTACGTCCTGTAGAAACCCC primers and
cloning the PCR product into the Kpnl-BamHI sites of pSAT6A-MCS (119), producing
PSATO6A.QQR-TS*::GUS. A similar strategy was used to construct pSATO6A.ZFN3-
TS*::GUS, using the forward 5’
GGGGTACCATGAGCACCAACTCCTGAGTTGGTGCTTTACGTCCTGTAGAAAC

CCC and the above-mentioned reverse primer.
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The binary vectors pRCS2.[ZFN3-TS*::GUS] and pRCS2.[QQR-TS*::GUS]
were constructed by transferring the ZFN3-TS*::GUS and QQR-TS*::GUS expression
cassettes from pSATO6A.ZFN3-TS*::GUS and pSAT6A.QQR-TS*::GUS, respectively, as
PI-Pspl fragments into pRCS2 (41). The binary vectors pRCS2.[ZFN3][ZFN3-
TS*::GUS] and pRCS2.[QQR][QQR-TS*::GUS] were constructed by transferring the
ZFN3 and QQR constitutive expression cassettes from pSAT4.35SP.ZFN3 and
pSAT4.35SP.QQR as I-Scel fragments into pRCS2.[ZFN3-TS*::GUS] and
pRCS2.[QQR-TS*::GUS], respectively. The binary vectors pRCS2.[KAN][ZFN3-
TS*::GUS] and pRCS2.[KAN][QQR-TS*::GUS] were constructed by transferring the
ZFN3-TS*::GUS and QQR-TS*::GUS expression cassettes from pSAT6A.ZFN3-
TS*::GUS and pSAT6A.QQR-TS*::GUS, respectively, as PI-Pspl fragments into
pRCS2-nptll (119). The binary vectors pRCS2.[ZFN3] and pRCS2.[QQR] were
produced by removing the ZFN3-TS*::GUS and QQR-TS*::GUS expression cassettes
from pRCS2.[ZFN3][ZFN3-TS*::GUS] and pRCS2.[JQQR][QQR-TS*::GUS],
respectively. The pRCS2.[KAN][hspP.QQR][QQR-TS*::GUS] binary vector was
constructed by cloning the heat-shock-induced QQR expression cassette from

pSAT4.hspP.QQR into pRCS2.[QQR-TS*::GUS].

4.3.2 ZFN protein expression and in-vitro digestion assay

For E. coli expression, ZFN expression plasmids (pET28. XH-ZFN3 and pET28.XH-
QQR) were transformed into BL21 GOLD (DE3) PlyS cells (Stratagene). The cells were
cultured in 100 ml of LB medium supplemented with 50 pg/ml kanamycin and 100 uM
ZnCl, and grown at 22°C. At an ODgg of 0.6, ZFN expression was induced by 0.7 mM

IPTG for 3 h at 22°C. Cells were harvested by centrifugation, resuspended in 35 ml of 25
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mM Tris-HCI pH 7.5, 300 mM NaCl, 5% (v/v) glycerol and 100 pM ZnCl, and lysed
twice using a French Press. The cell lysates were used directly for target-site plasmid
cutting in the biochemical assay. Digestion of the target-site plasmids or DNA fragments
was carried out in NEBuffer 4 (New England Biolabs) for 30 min at 37°C using 0.25-2.5
ul of cell lysates. Double-digestion with ZFN3 and Agel was performed by combining

both enzymes in the same reaction mix.

4.3.3 Plant transformation

Binary vectors were transferred into Agrobacterium tumefaciens strain EHA105. For the
T-DNA repair assay, Agrobacterium cells were grown overnight at 28°C in LB medium
supplemented with spectinomycin and streptomycin (200 pg/ml each), collected by
centrifugation and resuspended in an induction medium (10.5 g/l K,HPOy, 4.5 g/L
KH,POy4, 1 g/L (NH4),PO4, 0.5 g/L Na-citrate, 1 g/L glucose, 1 g/L fructose, 4 g/L
glycerol, 120 mg/L MgSO,, 2 g/LL MES, pH 5.6) supplemented with 100 uM
acetosyringone and antibiotics, grown to an ODgg of 0.6, again collected by
centrifugation and resuspended in an infiltration medium (10 mM MgSO4, 10 mM MES,
pH 5.6) supplemented with 200 uM acetosyringone. The Agrobacterium infiltration
method (120) and detached tobacco leaves were used for the delivery of T-DNA
molecules for the T-DNA repair assay. The leaf-disk transformation method (121) with
only a callus-induction medium instead of a shoot-regeneration medium was used for the
production of transgenic calli for the in-planta T-DNA repair assay using the
pRCS2.[KAN][ZFN3-TS*::GUS] or pRCS2.[KAN]J[QQR-TS*::GUS] vectors. For
activation of the uidA gene in the in-planta T-DNA repair assay, transgenic calli were re-

infected with Agrobacterium cells carrying the appropriate binary vectors (i.e.
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pRCS2.[ZFN3] or pRCS2.[QQR]) for 48 h at 25°C on a hormone-free MS medium. For
the whole-plant DNA repair assay, Arabidopsis plants were transformed using the flower-
dip transformation method (122) and transgenic plants, tissues and/or seedlings were
heat-shocked at 42°C for 30 min. Infected leaves, transgenic calli, and heat-shocked
leaves and seedlings were stained with chromatogenic substrate X-Gluc as described

previously (123).

4.3.4 Molecular analysis of mutagenized transgenic Arabidopsis plants

Total plant DNA was extracted from leaves of heat-shocked transgenic Arabidopsis
plants using the phenol-chloroform method. Total DNA was digested with Ddel for 1 h
and the region surrounding the ZFN target site was PCR-amplified using primers
5’CATGCCATGGCTATCCTTCGCAAGACCCTTCC and
5’GACTAGTGAGCATTACGCTGCGATG. The resulting PCR fragment was re-
digested with Ddel, and its undigested fraction was re-amplified and cloned as an Ncol-
Spel fragment into pSATS5-MCS (41). Randomly selected colonies were then selected and

sequenced.

4.4 Results

4.4.1 Outline of ZFN functional assays and vector systems

To facilitate the analysis of newly assembled ZFNs, we designed a battery of assays
which allow functional analysis of ZFN monomers' activity in vitro and in planta. Figure
4.1 outlines the set of assays for ZFN activity and illustrates the main vector components
required for each assay. Each assay is composed of a ZFN expression cassette and a

target sequence on which the ZFN activity is to be tested. Since each assay was designed
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for the analysis of ZFN activity under a different setting, we decided to develop the
different ZFN expression plasmids with maximal flexibility, allowing the developer of
novel ZFNs easy and simple transfer of ZFN components between the various vectors.
Figure 4.2 illustrates the structures and generic names of the ZFN expression vectors,
their derivatives and other components of our ZFN assembly and functional assays. In
line with other reports which describe the development of ZFN for animal and human cell
applications (e.g., Cathomen et al., 2008; Porteus, 2008), we propose that custom-
designed ZFNs be assayed not just for their in-vitro digestion activity but also for their
ability to target stably integrated genomic sequences, before considering them for

experiments involving the targeting of native sequences.

4.4.2 ZFN plant expression vectors and assembly of ZFNs

The rules and protocols for the assembly of custom-designed ZFNs have been described
in several papers (e.g. Refs. 32,33) and we adapted and slightly modified the protocol
described by Mani et al. (33) for the de-novo synthesis of zinc finger proteins (ZFPs). We
constructed the pSAT4.35SP.NLS-Fokl vector to facilitate the assembly of a new ZFN
monomer into a plant expression vector using a single cloning step. The
pSAT4.35SP.NLS-Fokl vector's key features are the presence of the Fokl endonuclease
domain, a nuclear localization signal (NLS) and the X%ol and Spel recognition sites in the
multi cloning site (MCS) located between the NLS and FoklI (Figure 4.2, ZFP cloning).
The zinc finger DNA-binding domain can be cloned into the Spel and X#ol sites
following its assembly using a combination of overlapping oligonucleotides and Klenow
and PCRs, or by PCR amplification and transfer of a ZFP domain from existing ZFNs .

This cloning strategy results in the construction of the pSAT4.35SP.ZFN plant expression
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vector in which the expression of a newly assembled ZFN is controlled by the CaMV 35S
tandem promoter (see generic plasmid pSAT4.35SP.NLS-Fokl and its descendent
pSAT4.35SP.ZFN vector in Figure 4.2). The 35S promoter can also be easily replaced
using virtually any other promoter (e.g. the heat-shock promoter, hspP) in a single
cloning step using Agel and Ncol (Figure 4.2, plant ZFN expression) and the entire plant
expression cassette can be mounted onto pRCS-based Agrobacterium binary vectors
using rare cutters (Figure 4.2, binary plant transformation) for transformation
experiments in plant cells.

We used pSAT4.35SP.NLS-Fokl for the construction of pSAT4.35SP.QQR and
pSAT4.35SP.ZFN3, two plant expression cassettes carrying the QQR (43) and ZFN3
(Figure 4.3) zinc finger nucleases. The QQR is a well-defined ZFN which has been used
in various studies (e.g. Refs. 43,51) and the ZFN3 is a custom-made enzyme which we
designed to bind the 9-bp-long sequence 5’AGCACCAAC (Figure 4.3A). We used these

enzymes during the development of our in-vitro and in-planta digestion assays.

4.4.3 In-vitro ZFN digestion assay

Previous studies have emphasized the importance of analyzing the in-vitro cleavage
activity of custom-designed ZFNs prior to their use for in-vivo applications
(26,32,33,117). Mani et al. (33), for example, described a protocol for the rapid
characterization of ZFNs for their sequence-specific cleavage activity and constructed a
set of vectors to allow the conversion of assembled ZFPs to ZFNs and for the
construction of target sequences in pUC18. While these protocols and plasmids can be
very useful for in-vitro analysis of any given ZFN, we decided to produce our own

bacterial expression vector which will be compatible with our plant vectors. We also
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propose a simple strategy for cloning ZFN recognition sequences into pSAT-based
vectors to produce target plasmids (e.g. pSAT6.ZFN-TS, Figure 4.1), useful for simple
in-vitro digestion analysis. We constructed the bacterial expression vector pET28.XH-
ZFN to carry unique Ncol and BamHI sites between the T7 promoter and a 6xHis tag, to
allow transfer of the entire ZFN from pSAT4.35SP.ZFN plasmids in a single cloning step
(Figure 4.2). To demonstrate our in-vitro assay, we first transferred the QQR and ZFN3
from pSAT4.35SP.QQR and pSAT4.35SP.ZFN3, producing pET28.XH-QQR and
pET28.XH-ZFN3, respectively. We next transferred these vectors into BL21 E. coli cells
for overexpression of their encoded enzymes and we used crude bacterial lysate (Figure
4.3B) to assay their ability to digest their corresponding recognition sites on target
plasmids. The digestion activity of QQR, expressed from our pET28.XH-QQR plasmid,
was demonstrated by its ability to digest its semi-palindromic target site which was
engineered on the HS::QQR-QEQ/2300 plasmid (51). We released a 3.4-kb QEQ
containing a No#l fragment from pHS::QQR-QEQ/2300, and its digestion with QQR
released the expected 2.1- and 1.3-kb DNA fragments (Figure 4.3C). The 3.4-kb Notl
fragment also carried a unique Kpnl recognition site next to the QQR recognition site and
its digestion with Kpnl produced a restriction pattern similar to that of QQR (Figure
4.3C), thus indicating that QQR indeed cleaved its corresponding site within the target
fragment. It should be noted that while the digestion of the 3.4-kb NorfI fragment by QQR
was only partial, this does not provide conclusive evidence as to the specific activity of
this enzyme since we did not purify it to the level of a commercial enzyme such as Kpnl.
We further demonstrated the application of our in-vitro digestion assay by analyzing the

digestion activity of ZFN3. To this end, we first constructed a target plasmid, designated
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pSAT6.ZFN3-TS, by annealing two complementary primers coding for the ZFN3 semi-
palindromic target site and cloning them between the adjacent Ncol and PstI sites in
pSAT6-MCS. The resultant pSAT6-MCS-based vector structure (Figure 4.1) allows for
single-step digestion analysis of ZFN activity by comparing the Agel/ZFN and Agel/Ncol
double-digestion patterns. Indeed, the digestion pattern of pSAT6.ZFN3-TS by Agel and
ZFN3 was similar to that of Agel and Ncol (Figure 4.3C), indicating that the ZFN3 can
cleave its corresponding site within its target plasmid. A similar cloning strategy of
annealed primers can be used to assemble other ZFN target sites into pSAT6-MCS,

allowing for simple in-vitro analysis of custom-designed ZFNs.

4.4.4 In-planta T-DNA repair assay

Confirming the in-vitro digestion activity of novel ZFNs is only the first step, albeit a
crucial one, of their functional analysis in vivo. We designed a T-DNA repair assay in
which the ZFN digestion activity can be analyzed by GUS staining in plant cells. The
assay’s first component is the plant ZFN expression cassette pSAT4.35SP.ZFN. The
assay's second component is a pSATS.ZFN-TS*::GUS plant expression cassette carrying
a mutated uidA gene which is engineered to carry the TGA (stop) codon within the 6-bp
spacer of the ZFN target site (Figure 4.2, plant GUS reporter repair), leading to
premature termination of uidA translation in plant cells. Digestion of the ZFN recognition
site and its successive repair can lead to deletion and/or mutation of the stop codon and
consequent activation of the uidA4 reporter gene. Assembly of the T-DNA repair assay
requires the construction of a binary plasmid carrying the constitutive expression
cassettes from pSAT4.35SP.ZFN and pSATS.ZFN-TS*::GUS (i.e. the generic plasmid

pRCS2.[ZFN][ZFN-TS*::GUS], Figure 4.1). The pSAT4.35SP.ZFN vector is based on
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the pSAT4 backbone plasmid that allows transferring the entire ZFN expression cassette
onto pRCS-based binary vectors (e.g., pPRCS2, Figure 4.2 and Ref. 41) using [-Scel. The
PSATS.ZFN-TS*::GUS vector that carries the mutated uidA gene (ZFN-TS*::GUS)
under the control of the tandem 35S promoter is based on the pSATS backbone plasmid
(41), allowing transfer of the ZFN-TS*::GUS expression cassette onto pRCS-based
binary vectors using I-Ceul. Mounting both expression plasmids onto a single binary
vector ensures efficient delivery of the tested ZFN and its target sequence into the target
plant cells and allows monitoring the functional activity of the ZFN by GUS staining.
We demonstrated the functionality of our in-planta T-DNA repair assay by
analyzing the activity of ZFN3 and QQR ZFNs in tobacco cells. We constructed
PSATS.ZFN3-TS*::GUS and pSATS5.QQR-TS*::GUS and mounted them and their
corresponding ZFN expression cassettes (i.e. pSAT4.35SP.ZFN3 and pSAT4.35SP.QQR,
respectively) onto pRCS2 binary plasmids, producing pRCS2.[ZFN3][ZFN3-TS*::GUS]
and pRCS2.[QQR][QQR-TS*::GUS], respectively. The general structure of
pRCS2.[ZFN3][ZFN3-TS*::GUS] and the mutated uid4 region which was engineered to
contain the ZFN3 target site and the TGA codon is shown in Figure 4.4A. Also shown in
Figure 4.4A is a putative outcome of ZFN3 digestion and misrepair of the DSBs by the
plant's NHEJ machinery, which can potentially lead to elimination of the stop codon and
reconstruction of the uidA reporter gene. Indeed, agroinfiltration of the
pRCS2.[ZFN3][ZFN3-TS*::GUS] into Nicotiana benthamiana leaves resulted in positive
GUS staining (Figure 4.4B), indicating the functional activity of the ZFN3 protein in
plant cells. Agroinfiltration of pRCS2.[QQR]J[QQR-TS*::GUS] also resulted in positive

GUS staining, although with higher intensity (Figure 4.4C), which may be attributed to
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QQR’s higher DNA-binding affinity relative to that of ZFN3. GUS expression was not
observed following agroinfiltration of binary plasmids carrying the ZFN3-TS*::GUS
(Figure 4.4D), or QQR-TS*::GUS (Figure 4.4E) expression cassettes without their
corresponding ZFN expression cassettes, indicating that ZFN expression is required for
digestion and activation of the uidA4 reporter gene from the Agrobacterium's T-DNA, in

planta.

4.4.5 In-planta transgene repair assay
The ability of ZFNs to digest T-DNA molecules in plant cells provides another level of
confidence for their potential use in living cells. Nevertheless, we recommend testing the
ZFN's ability to digest genomically embedded DNA sequences prior to their deployment
for GT experiments, as suggested by other studies aimed at developing ZFNs for non-
plant species (e.g., Cathomen et al., 2008; Porteus, 2008). To this end, we designed the
transgene repair assay in which the ZFN's activity is tested on a mutated uid4 expression
cassette which has first been integrated into the genome of transgenic tobacco calli. The
assay’s first component is a binary transformation vector that carries the ZFN-TS*::GUS
reporter expression cassette and a selectable marker (e.g. nptll) (Figure 4.1, generic
plasmid pRCS2.[KAN][ZFN-TS*::GUS]). This vector can be used to produce transgenic
calli which lack functional uidA translation. The second component is a binary vector,
carrying the ZFN expression cassette, driven by the tandem 35S promoter (Figure 4.1,
generic plasmid, pRCS2.[ZFN]). This vector is used for infection of the transgenic calli
and for digestion of the ZFN-TS*::GUS expression cassette in these tissues.

We demonstrated the functionality of our transgene repair assay by testing the

activity of ZFN3 and QQR ZFNs in tobacco cells. We constructed pRCS2.[KAN][ZFN3-
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TS*::GUS] and pRCS2.[KAN][QQR-TS*::GUS] and used them for the production of
kanamycin-resistant transgenic tobacco calli. As expected, these transgenic calli did not
express functional uidA, as indicated by their negative GUS staining (Figure 4.5A and
B). We next constructed pRCS2.[ZFN3] and pRCS2.[QQR] and used them in wounding-
infection experiments with the ZFN3-TS*::GUS- and QQR-TS*::GUS-transgenic calli,
respectively, which resulted in positive GUS staining (Figure 4.5C and D), indicating the

functionality of these ZFNs in digesting integrated DNA molecules

4.4.6 A whole-plant DNA repair assay

The in-planta transgene repair assay provides clear experimental evidence of the
analyzed ZFN's digestion activity on genomically integrated DNA sequences. We next
developed a whole-plant DNA repair assay as a tool for analyzing, at the molecular level,
the outcome of their digestion and the repair of the digested DNA in transgenic plants.
The assay calls for the assembly of a multi-gene plant transformation vector, which
carries a plant selectable marker, the mutated uidA reporter gene cloned under the control
of a constitutive promoter and the ZFN protein cloned under the control of an inducible
promoter (Figure 4.1, pRCS2.[KAN][hspP.ZFN][ZFN-TS*::GUS] generic plasmid). We
used the Arabidopsis heat-shock-inducible promoter HSP18.2 (124), but other types of
inducible promoters may be considered. The vector can be used to produce transgenic
plants and to monitor ZFN activity in various tissues at different developmental stages.
We used this assay to monitor the activity of QQR ZFN in different tissues of
Arabidopsis transgenic plants and to molecularly characterize the outcome of various
uidA digestion and repair events in these plants. To this end, we constructed

pRCS2.[KAN][hspP.QQR]J[QQR-TS*::GUS], produced several kanamycin-resistant
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Arabidopsis plants and used heat shock to induce the expression of the QQR enzyme in
mature plants and in their offspring. Induction of the ZFN in fully developed mature
transgenic leaves resulted in activation of the uidA4 reporter gene, as indicated by the
appearance of GUS-expressing spots on the induced leaves (Figure 4.6A). Induction of
ZFNs in transgenic seeds resulted in the appearance of GUS-expressing sectors (Figure
4.6B) and the production of chimeric tissues (e.g. Figure 4.6C). We allowed few of the
heat-shocked transgenic seedlings to develop, stained them and found that they exhibited
extensive GUS staining (e.g. Figure 4.6D). No GUS expression was observed in
uninduced transgenic plants.

We further analyzed several samples from ZFN-induced transgenic seedlings by
PCR amplification of the mutated QQR-TS*::GUS region. While repair of induced DSBs
by restriction enzymes has been shown to create various site-specific mutations,
including large deletions and/or insertions at the break site (21,51,125), we focused our
analysis on identifying small, single-nucleotide deletions and/or substitutions in the
mutated ORF which could lead to reconstruction of an active uid4 gene. To this end, we
first digested the induced plants' total DNA extract with Ddel in order to reduce the
contamination of non-mutated CTGAG-sequence DNA. We next used PCR to amplify
the undigested DNA, cloned the PCR products and analyzed them by DNA sequencing.
Figure 4.7 shows the sequencing results of some of these clones, which revealed the
presence of nucleotide replacement and small deletions and/or additions, some of which
can explain the reconstruction of a functional uidA4 gene. This analysis can thus be used to

predict at least part of the possible outcome of ZFN-mediated GT in plant cells.
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4.5 Discussion

ZFNs have been proven instrumental for genome editing in various species. Expression
of model and tailor-made ZFNs in model organisms such as Drosophila, Caenorhabditis,
Xenopus, Danio and human cell lines has been shown to lead to various outcomes of
genome editing. These include site-specific mutagenesis, gene replacement by HR, and
targeted gene addition at specific locations (e.g. Refs. 43,45-47,49,75,115,116,118).
ZFNs have also been shown to enhance HR and to lead to site-specific mutagenesis in
Arabidopsis and tobacco model plants (51,52) and more recently, Dow AgroSciences and
Sangamo BioSciences announced the modification of maize and canola genomes by
ZFNs (http://files.shareholder.com/downloads/SGMO/0x0x113031/d58602ac-aed0-4118-
8955-e98e400422a9d/SGMO_News 2007 6 19 General Releases.pdf). Thus, ZFNs
represent a novel and powerful technology which may eventually lead to the development
of much needed GT methods for plant species (126).

The application of ZFN technology for the GT of native sequences requires
overcoming several technological barriers. Proper selection of the binding site for a pair
of ZFN monomers on the target sequence is the first step in the process of using this
technology for genome editing in living cells. The rules for selecting target sites have
been described in several excellent papers (34,35,117) and the developer of novel ZFNs
can also use a collection of data sets describing the DNA-binding domains for 49 out of
64 possible triplets (35), as well as publicly available web-based programs
(www.zincfingers.org and www.zincfinger-tools.org) to assist with the design of novel
ZFNs. Once designed, the developer is faced not only with the challenge of assembling

the ZFNs but also with validating their activity in vitro and in vivo, prior to their

90



deployment for genome editing experiments in their target organism. Various cloning
methods can potentially be used for the assembly of custom ZFNs. The restriction-digest-
based modular assembly, for example (32), is based on successive cloning of individual
fingers from a collection of finger modules and the production of a multi-finger construct
which can then be used for the assembly of custom-made ZFNs. In another strategy
(117), several fingers are first independently amplified using a combination of general
and finger-specific primers and then assembled together via a second overlapping PCR
step. We adopted the strategy of de-novo assembly (33) of custom-designed ZFPs from a
collection of overlapping backbone and sequence-dependent oligonucleotides (Figure
4.2, ZFP assembly). This strategy, which is based on annealing and ligating the
assembled oligonucleotides followed by PCR amplification of the resultant fragment,
allows the construction of novel ZFP domains in a single reaction. To facilitate the use of
this strategy for the assembly of novel ZFNs for plant research, we constructed
pSAT4.NLS-Fokl (Figure 4.2, ZFP cloning), which allows for single-step fusion of a
ZFP with a NLS and the Fokl endonuclease domain, producing pSAT4.35SP.ZFN
(Figure 4.2, plant ZFN expression). No less important was the construction of the
pET28.XH bacterial expression vector (Figure 4.2, bacterial ZFP expression) which
allows the simple transfer of ZFN coding sequences from pSAT4.NLS-Fokl. The
pSAT4.35SP.ZFN and pET28.XH-ZFN expression vectors are the key plasmids for the
analysis of newly assembled ZFNss.

Dedicated bacterial expression of ZFN vectors for in-vitro analysis of custom-
designed ZFNs has been described in several reports. The pET15b:N vector, for example

(33), was constructed for in-vitro transcription-translation of ZFNs and their validation in
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conjunction with pUC18-based target sequences, and the pMAL-c2X-based bacterial
expression vector was designed for MBP (maltose-binding protein) tagging of ZFNs (95).
The latter enables protein purification on amylase resin and the use of purified ZFNs in
in-vitro activity analysis on target DNA sequences. We found that cell lysates (Figure
4.3B) from ZFN-expressing E. coli cells using our modified pET28.XH vector were
useful for in-vitro digestion analysis of target DNA molecules (Figure 4.3C). Thus,
while the use of an in-vitro expression method and/or epitope-based extraction may
produce higher protein concentrations and/or a more highly purified product, simple
crude protein extraction may also be sufficient for analysis of newly assembled ZFNs.
Furthermore, while in-vitro digestion analysis is typically performed by sequential
digestion of target DNA molecules using ZFNs and commercial enzymes (e.g. Refs.
33,95), we found that double digestion can be performed in a single reaction, which
greatly simplifies the in-vitro validation process. The qualitative nature of our in vitro
digestion assay does allow quantifying ZFNs specific activity, yet it is sufficient for
determining their functionally.

In-vitro digestion analysis is just the first step in validating ZFN activity for in-
vivo applications. Two basic approaches have been developed to assay novel ZFNs in
living cells. The first approach is based on analyzing the binding activity of the ZFNs’
DNA-binding domain and it has been adapted, for example, by Wright et al. (32), who
developed a two-hybrid reporter system for analysis of ZFP binding activity in bacterial
cells. In their system, expression of the ZFP-Gall 1P and alpha-Gal4 hybrid proteins led
to activation of the lacZ reporter gene in bacterial cells upon binding of the ZFP with its

target site, which was engineered upstream of the /acZ promoter. In another report, Meng
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et al. (47) developed a one-hybrid activation system in which fusion of ZFP to RNA
polymerase resulted in activation of the HIS and URA genes in bacterial cells. Both
systems offer a robust, rapid and easily performed assay for analyzing ZFP-binding
activity, but they do not allow for direct evaluation of the ZFN digestion activity in target
cells. The second approach overcomes this limitation since it is based on analyzing ZFN
digestibility, and not only binding, in living cells. One such system was recently
described by Doyon et al. (46) who developed a yeast-based chromosomal reporter
system in which the activity of novel ZFNs could be measured following the repair of a
ZFN-mediated DSB in the yeast genome. Building on the notion that the digestion of
tester sequences may provide more reliable information on the potential activity of newly
assembled ZFNs in digesting native sequences in living cells, we adapted the second
approach during the construction of our reporter ZFN-validation assays for plant cells.

ZFN-mediated DSBs of episomal or chromosomally embedded or encoded target
sequences can potentially be repaired by HR or lead to enhanced HR at the break site.
Nevertheless, genomic DSBs in many organisms, and particularly in plant species, are
typically repaired by the cell's NHEJ machinery. Misrepair of broken edges can lead to
deletions, insertions and/or substitutions and even capture of foreign DNA molecules at
the repaired site. This wide array of possible outcomes could potentially hinder the
efficiency of our reporter gene repair assay which can tolerate only short, in-frame
deletions and/or alterations of a few nucleotides at the mutated uidA4 internal stop codon.
Nevertheless, we have clearly shown that our in-planta repair assays are sensitive enough
to detect proper activation of the mutated uid4 gene. This was further supported by

molecular analysis of several repair events produced by a whole-plant DNA repair assay
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which revealed the reconstruction of a functional uid4 gene (Figure 4.7).

Several key features of our plant-specific ZFN-validation assays make them
useful for simple and robust analysis of custom-made ZFNs. First, our vector system is
based on the structure of our previously described pSAT plant expression vector system
which was specifically designed to facilitate the assembly of multi-gene expression
cassettes (41). This feature is exemplified during the construction of the T-DNA repair
assay where both the ZFN and the mutated GUS expression cassettes were mounted onto
a single binary plasmid using a pair of rare cutters which was then used in a single
transient transformation experiment (Figure 4.4). Second, our gene-activation assays are
based on the uidA gene encoding the sensitive B-glucuronidase enzyme. This allows
monitoring of ZFN activity using a simple biochemical staining procedure, which has
been reported as useful in a wide range of plant species, tissues and cell types (123). We
should also note that while the expression of ZFNs is driven by the tandem 35S promoter
in our pSAT-based vectors, the promoter and terminator regions can easily be replaced by
other regulatory elements (38,119) which may be more suitable for the ZFN developer's
species of choice. This feature is exemplified during the conversion of pSAT4.35SP.QQR
to pSAT4.hspP.QQR and the use of the latter plasmid for heat-shock induction of the
QQR ZFN in transgenic Arabidopsis plants (Figure 4.6). Third, our transgene repair and
whole-plant DNA repair assays, which call for the assembly of Agrobacterium stable
transformation vectors and the recovery of transgenic tissues and/or whole plants
(Figures 5 and 6), can support the use of different selection genes (Figure 4.2 and Refs.
38,119), providing the user with greater flexibility in the choice of selectable marker.

Fourth, our set of vectors provides the user with a variety of options for analyzing the

94



digestive activity of novel ZFNs. Thus, while we recommend a systematic analysis of
novel ZFNs before their deployment for targeting experiments, the users of our system
can choose to analyze their ZFNs at different levels of confidence, depending on their
choice of assay.

In summary, we describe the construction and experimental application of a new
set of assays and supporting plasmids for the validation of ZFN activity in plant cells.
These complement a long line of assays and vectors which have been specifically
designed to facilitate the assembly, analysis and use of ZFNs in non plant species. Given
the simplicity of our assay system, its cloning flexibility and its compatibility with a
much larger array of vectors carrying a large selection of promoters, terminators,
selectable markers and reporter genes (38,41,119), our hope is that this system will

facilitate experimentation with ZFN technology in plant species.
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4.6 Figures

In vitro digestion assay PET28.XH-ZFN l [pSATG.ZFN-TS ]

ZFN ; g
‘ Agel  Ncol, ZFN
Plasmid repair assay [JRCSZ-[ZFN][ZFN-TS*::GUS]
ZFN — GUs [~
~
Transgene repair assay pRCSZ.[KAN][ZFN-TS*ZZGUS] [pRCSZ.[ZFN] J
KAN H GUS o ZFN
Whole-plant DNA repair PRCS2.[KAN][hsp.ZFN][ZFN-TS*::GUS]
assay
KAN H hsp | zeN H Gus

*TGA

Figure 4.1. Outline of ZFN functional assays and their vector systems. The step-by-
step comprehensive analysis of novel ZFNs is composed of four distinct assays (left
panel), each based on monitoring ZFN activity using a defined set of vectors (right
panel). The in-vitro digestion assay tests the digestion activity of an E. coli-expressed
ZFN on its recognition site cloned on a target vector. The T-DNA repair assay requires
the assembly of a dual-expression cassette on an Agrobacterium binary vector and tests
the ability of a constitutively expressed ZFN to digest and repair a mutated GUS reporter
gene cloned on the T-DNA region of that vector. The transgene repair assay calls for
separating the ZFN expression cassette from its target site based on the activation of a
mutated GUS reporter gene in transgenic calli, while the whole-plant repair assay
activates the mutated GUS reporter gene in seedling or mature plant tissues upon specific
activation of the ZFN. TS, ZFNs target site.
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Figure 4.2. Structural features of the ZFN assembly and expression vector systems.
A ZFP coding sequence can be assembled by Klenow/PCR using a combination of
overlapping backbone and sequence-dependent oligonucleotides fused to the Fokl
endonuclease domain in pSAT4.35SP.NLS-Fokl, producing the plant expression vector
pSAT4.35SP.ZFN. The entire ZFN coding sequence can be transferred onto a
pET28.XH-based vector producing a pET28.XH-ZFN vector, suitable for ZFN
expression in bacterial cells and for in-vivo digestion assays. The pSAT4.35SP.ZFN can
be modified by replacing the 35S constitutive promoter with a heat-shock-inducible
promoter, producing a plasmid that is useful for the whole-plant DNA repair assay. A
plant selectable marker, a ZFN and a mutated GUS reporter expression cassette can be
mounted onto a pRCS2-based binary plant transformation vector using a combination of
rare-cutting restriction enzymes and can then be used for various in-planta assays.
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Figure 4.3. In-vitro digestion analysis of ZFNs. A. The structure of the ZFN3 24-bp
palindrome-like recognition sequence and its corresponding ZFP. ZFN3 DNA-binding
sites are highlighted in green and the unique amino-acid sequences for each zinc finger
are given in blue. B. Separation of total crude extract from IPTG-induced (+) and non-
induced (-) QQR and ZFN3 protein-expressing E. coli cells. C. Restriction analysis of a
3.4-bp Notl DNA fragment carrying the QQR palindrome-like recognition sequence (left)
and the pSAT6.ZFN3-TS plasmid carrying the ZFN3 palindrome-like recognition
sequence (right) by their corresponding ZFNs. Also shown are the schematic maps for
each target DNA plasmid.
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Figure 4.4. T-DNA repair assay in tobacco leaves. A. The structure of a T-DNA repair
assay plasmid is exemplified by a binary plasmid constructed to test ZFN3 activity in
plant cells. Reconstruction of a mutated GUS-encoding gene is exemplified by putative
deletion of a CTG sequence (in brown box) which may occur following the digestion and
misrepair of the ZFN3 recognition site in planta. B-E. Transformed tobacco leaves
infected with QQR (B and D) or ZFN3 (C and E) mutated GUS expression cassettes, with
(B and C) or without (D and E) their corresponding digesting ZFNs on the T-DNA
molecule.
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Figure 4.5. Transgene repair assay in tobacco calli. A,B. X-Gluc-stained kanamycin-
resistant calli carrying mutated GUS-encoding sequences engineered with a QQR (A) or
ZFN3 (B) target site. C,D. Detection of mutated GUS-encoding sequence activation by
X-Gluc staining of transgenic calli engineered with a QQR (C) or ZFN3 (D) target site
and inoculated with their corresponding ZFNss.

101



Figure 4.6. Whole-plant DNA repair assay in Arabidopsis. Detection of ZFN activity
in mature leaves (A), germinating seedlings (B), elongating root (C) and developing
leaves (D) of transgenic Arabidopsis plants engineered to carry a heat-shock-inducible
QQR and its corresponding mutated GUS-encoding sequence.
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Figure 4.7. Molecular analysis of ZFN-induced mutations in transgenic Arabidopsis
plants. The ZFN binding sites on the mutated GUS-encoding sequence's upper strands
are highlighted in green. The location of the Ddel recognition site is indicated by a red
bar. The outcome of positive (+) or negative (-) GUS expression in the different types of
ZFN-mediated deletions or substitutions is indicated on the left.
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Chapter 5. Concluding remarks

5.1 Summary

This dissertation project provides new insights into the biochemical properties of ZFNss,
reveals their remarkable molecular cloning potential and lays the foundation for the
widespread application of ZFNs in plant genome engineering. To achieve this project's
goals, I applied a modular assembly approach to construct several novel ZFNs and
subsequently used those ZFNs for a variety of in-vitro and in-vivo DNA engineering
tasks.

I started by designing, assembling and purifying a ZFN, termed ZFN10, and
characterizing its biochemical properties (Chapter 2). Ni-affinity and gel-filtration-
column purification steps proved to be sufficient to obtain a homogeneous preparation of
ZFN10 as evidenced by coomassie staining of an SDS-polyacrylamide gel, while
attempts at digestion and subsequent self-ligation of pSAT10-MCS plasmid revealed that
Ni purification was both necessary and sufficient to obtain a cloning-grade enzyme. One
of the most interesting findings was the target-site flexibility of ZFN10: it was capable of
tolerating a wide range of target-site substitutions, most of which were predicted from
published specificity data on ZFN10 recognition helices.

Building upon my ZFN-purification protocols, I assembled and purified several
additional enzymes that I used to demonstrate the molecular cloning properties of ZFNs
(Chapter 3). I showed that ZFNs conveniently integrate into standard molecular cloning
protocols and that they efficiently function in double-digestion reactions together with
commercially available type II restriction endonucleases. Because of the low probability

of occurrence of 18-bp target sites on long stretches of DNA, ZFNs can be also applied to
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cloning large DNA fragments, such as gene-expression cassettes, which were
successfully mounted on an Agrobacterium binary plasmid in my experiments. I
demonstrated that a pair of specially designed ZFNs can be used for the truly unique task
of custom-cloning a native DNA molecule.

I also developed a set of plasmids and methods for the construction and validation
of ZFNs used in plant gene targeting research (Chapter 4). ZFP regions of ZFNs are
assembled from a set of overlapping oligonucleotides and cloned into pSAT4.35S.NLS-
Fokl plasmid, from where they can be conveniently transferred into pET28.XH-ZFN for
in-vitro expression and testing, as well as into a binary pRCS2 plasmid for in-vivo
activity-validation assays. The assays, which include a transient plasmid-repair assay, a
transgene-repair assay and a whole-plant DNA-repair assay, also employ a modified GUS
reporter, which can be repaired only in the presence of ZFN activity. My system of
assays and accompanying plasmids creates a comprehensive toolbox for testing ZFNs

prior to their application in plant gene targeting.

5.2 Open questions

5.2.1 Balance between target-site specificity and flexibility of ZFNs

ZFNs have gained much popularity in recent years as genome-engineering tools due to
their modular structure, allowing for design flexibility, and the length of their target sites,
which confers high specificity to ZFN-mediated DNA cleavage. Yet, as I show in
Chapter 2, ZFN specificity is not absolute: the tested ZFN10 tolerated a wide range of
substitutions in its target site. This fact should alert researchers planning their ZFN gene-
targeting experiments and direct their attention towards selection of recognition helices

with high triplet-binding specificity and towards more vigorous testing of novel ZFNs.
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Fortunately, phage-display data on binding specificity are available for most of the
known recognition helices (27-30) and, as can be seen from Chapter 2 and Figure 2.5,
ZFN specificity for the most part correlates with individual recognition helix predictions.
At the same time, incorporation of recognition helixes into a ZFN structure could
potentially confer additional binding flexibility, as in the case of the recognition helix
TSG-N-LVR (recognizing triplet GAT), which was highly specific in the phage display
(29) (Figure 1.3) but tolerated position two and three substitutions in my experiments. I
believe that additional studies encompassing a broader range of nucleotide positions
within ZFN target sites and utilizing ZFNs with highly specific and flexible recognition
helices could shed more light on the balance between target-site specificity and flexibility
of ZFNs. Ultimately, I suggest using the more specific four-ZF ZFNs and an application-
driven level of design and testing of novel ZFNs: from a routine check of nonspecific
cutting with a large plasmid for ZFNs used in molecular cloning, to phage-display-based

module selection methods (127) for ZFNs devised for human therapeutic applications.

5.2.2 Mutagenic effect of ZFNs on the plant genome

In light of the flexibility of certain ZFNs to their target sites, the question of ZFNs' effect
on plant genomes is becoming more relevant. Reliable methods of assessing the
mutagenic effect of ZFNs would facilitate public acceptance of transgenic crops created
with ZFN technology, and allow for a more unequivocal interpretation of ZFN gene-
targeting experiments in basic research. One such method, which employs antibody-
mediated detection of proteins associated with sites of DNA damage to access the
mutagenic effects of ZFNs, was used recently in mammalian cell culture (128) and could

potentially be adopted for plant models.
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Off-target DNA cleavage by ZFNs can be also looked into with another method,
which applies to plants with well-characterized genomes, such as Arabidopsis thaliana,
and involves bioinformatics genome screening for sites similar to a ZFN's binding site. In
the case of the well-characterized model ZFN QQR, I identified 168 sites in the
Arabidopsis genome that differ by three base pairs from the original QQR binding site.
In-vitro analysis of some of them with purified QQR enzyme revealed five genomic
locations that could potentially be cleaved by QQR (Tovkach and Tzfira, unpublished
data). Similarly, ZFN3 (described in Chapter 4) has 104 sites with 3-bp differences, and
at least six of them can be cleaved by purified ZFN3 enzyme (Tovkach and Tzfira,
unpublished data).

On the other hand, one could capitalize on nonspecific ZFN cleavage of DNA by
designing a ZFN with low target-site specificity and using it as a tool for genome
mutagenesis. Such a mutagenesis tool would offer levels of predictability (due to the
remaining ZFN specificity) and control (due to the controlled ZFN expression from
inducible promoters) that would position it above the currently used radiation, chemical,

or transposon-based techniques.

5.2.3 Targeting native genes in plants

Despite the four years that have passed since the publication describing mutagenesis of
an artificial target site with QQR (51), ZFN-mediated gene targeting is far from being a
routine procedure in plant species. Two documented instances of native gene
modifications in plants (53,54) come from specialized research groups and serve as
evidence of hard effort rather than the much anticipated revolution in plant genetics. With

the wide availability of methods for ZFN design and construction and the recent
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publication of a toolbox of methods for the characterization of novel ZFNs in plants
(Chapter 4) (78), the last frontier most likely lies in providing ZFNs with access through
chromatin structures en route to their genomic target sites.

Directed chromatin remodeling in Arabidopsis has been successfully performed
previously by overexpression of the yeast RAD54 gene—a member of the SWI2/SNF2
chromatin-remodeling gene family (10). In that experiment, authors achieved a two
orders of magnitude increase in the frequency of rare homologous recombination events,
suggesting that chromatin remodeling by R4AD54-like activity may be a useful tool in
targeted plant-genome modification. Thus, coexpression of ZFNs with yRADS54 and
similar factors (YRADS51, yRADS52, yRADS55) may prove useful for ZFN-mediated
targeting of native genes.

An alternative approach involves the design of ZFNs with very high affinity,
which can potentially outperform chromatin elements in the competition for DNA
binding. Recent data by Maeder and coworkers suggest that ZFNs with high affinities and
specificities have a much better chance of modifying genomic targets (53). Although the
design of such highly specific ZFNs may involve laborious selection techniques (as
compared to the relatively simple modular assembly), the successful modification of a

target gene may be worth the effort.
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