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Figure 4. Schematic representation of the three pairs of ZFNs target-
ing /RS2, met and simla. Only the six-finger constructs are shown.
Finger number was reduced by progressively removing fingers from
the N-terminus of these constructs. The positions of two-finger
modules (GANNAG) described herein or fingers from other archives
[GRNNCG (50) and single fingers (41)] within these ZFAs are
indicated, as is the position of the THPRAPIPKP linker that allows
a single base pair (underlined lowercase base) to be skipped between
intervening modules (65). The efficiency of lesion generation in
zebrafish embryos by these ZFAs as a function of the number of
fingers is indicated in the chart, where red highlights indicate the
high toxicity of the met ZFNs.

with regards to activity and finger number. The /RS2
ZFNs had the greatest activity with the longer ZFAs,
whereas the sim/a ZFNs displayed the opposite trend.

Stitching together ZFAs with novel DNA
binding specificity

These newly characterized two-finger modules expand the
archive of modules for generating ZFNs via traditional
modular assembly (50). In addition these newly identified
two-finger modules can serve as building blocks for a
novel ZFA assembly method: finger stitching
(Figure 5A). This new strategy takes advantage of a
common feature of the two-finger modules targeting
GANNAG interfaces. Each finger contains an asparagine
(Asn) at position +3 of the recognition helix that recog-
nizes A, and As of the ‘G1A,N;N4AsGg’ 6-bp target site
(Figure 1A). We envisioned that the two Asn residues
might serve as bookends for the selected interface
residues recognizing the dinucleotide junction N3N, and
thereby preserve their DNA binding specificity on incorp-
oration into multi-finger proteins. Thus, in this approach,
ZFAs are assembled by joining interfaces from compatible
two-finger modules that share identical residues at the +3
position to create large arrays. For example, a three-finger
protein recognizing a sequence GAN;N4ANN,AG would
be constructed from two two-finger modules recognizing
GAN;3;N4AG and GANgN-,AG, where the bold A indi-
cates the position of recognition overlap. Because our pre-
viously selected GANNCG modules also contain Asn at
position +3 within the C-terminal finger of the two-finger
module, these can be incorporated to generate ZFAs
recognizing GAN3;N4ANgN-,CG target sites. In addition,
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Figure 5. ‘Finger stitching’ for ZFA assembly using GANNAG
modules. (A) Schematic comparison of the traditional modular
assembly approach (left) with our stitching approach (right). Instead
of assembling whole finger units, stitching assembles segments between
the +3 positions of the neighbouring recognition helices and then caps
these at the N- and C- terminus (N-cap and C-cap). Two additional
components extend the targetable sequences: the ability to incorporate
GANNCG modules as the last unit in a stitched array, and the use of
an alternate N-cap specific for a 3’ adenine (50), which allows the final
specified base to be either G or A depending on the choice of the
N-cap. (B) Target sites for the four pairs of ‘stitched” ZFNs, where
the binding site for each monomer is indicated in capital letters and
the recognition element of the three or four finger stitched ZFA is
boxed in red on the primary recognition strand. In some cases, a
ZFA contains three stitched fingers and one additional single-finger
module. For the abcc8 target site, the composite recognition site for
the stitched portion of the array is indicated above or below the
primary recognition sequence, where the arrow denotes the 5-3’ orien-
tation. (C) To assess the quality of ZFAs generated through this
approach, we assembled three-finger stitched ZFAs spanning portions
of the target site and determined their DNA binding specificities using
the BIH system. The recognition helices for these fingers are indicated
to the left of the target sites, where the positions of the stitched fingers
are boxed in red. The segments of the stitched fingers that arise from a
common 2F-module share a common colour. Likewise, the positions of
the dinucleotide junctions between fingers in the recognition motifs for
these fingers are boxed in red, and the subsites recognized by the
stitched finger segments are differentially coloured.

€T0Z ‘0T Afenuer uo 1s9nb Aq /B10'seulnolploxo reu//:dny woly papeojumoqd



8 Nucleic Acids Research, 2013

we have developed an alternate N-terminal cap that is
specific for adenine (50); consequently, the 3’-most base
recognized by a stitched array can be G or A depending on
the N-cap that is used. Similarly, the finger stitching can
be used to create ZFPs of any desired length by extending
the array through the overlap of additional modules off
either terminus.

To demonstrate that this novel assembly approach can
create functional ZFAs and ZFNs, we chose three target
genes (abce8, coll7ala and hebp?2) in the zebrafish genome
containing ZFN sites that could be targeted using
‘stitched” ZFAs, and where these target sites contain
non-NG interfaces within  the stitched fingers
(Figure 5B). We also designed a pair of ZFNs for a
human target gene, BRCAI, applying the same criteria.
Genes encoding these ZFAs were generated by gene syn-
thesis, where canonical TG(E/Q)KP linkers were used to
connect all fingers in these arrays. As a first step in
validating this approach, we determined the DNA
binding specificities of these ZFAs in the BI1H system
using a randomized 28 bp library (41,50). Because our
28 bp library (~10® unique members) can more effectively
sample all possible recognition sequences for a three-finger
than four-finger ZFA, we determined the DNA binding
specificities of three-finger subsets for many of these ZFAs
to provide a clearer assessment of their specificity. The
determined DNA-binding specificities demonstrate in
many cases that ZFAs assembled using the stitching
method recognize their intended target sites with reason-
able fidelity both at the dinucleotide junction sequences
and the neighbouring adenines (Figure 5C and
Supplementary Figure S3). However, there are instances
where the dinucleotide preference is more degenerate in
the stitched fingers than observed in the parent modules
(e.g. abee8-3p, Supplementary Figure S3), suggesting that
in some cases, these assemblies are influenced by
context-dependent effects.

Stitched ZFAs yield functional ZFNs

Given the favourable specificity of the stitched ZFAs, we
evaluated their functionality as ZFNs. For each of the
ZFNs targeting the zebrafish genomic sites, the optimal
mRNA concentration was determined via a dose
response curve as previously described, and ZFN
activity was assessed at the optimal dose in healthy
embryos at 24 h.p.f. The activity of the BRCAI ZFNs
was assessed by transfection of expression plasmids
encoding these ZFNs into HEK 293T cells. Genomic
DNA was harvested 64 h after transfection for lesion ana-
lysis. For all samples, lesion rates were determined by en-
zymatic digestion of PCR products spanning the target
region (either T7EI or site-specific restriction enzyme)
relative to untreated control samples. All four ZFN
pairs induced lesions at frequencies between 1 and
11.4% (Table 1 and Supplementary Figures S4-S7),
where the lesion sequences were consistent with the types
of mutations expected for ZFN activity (Supplementary
Figure S8).

Table 1. Lesion rates for ‘stitched” ZFNs

Target gene Lesion rate in vivo (%)

abce8 1.1
coll7ala 11.4
hebp?2 2.8
breal* 2.7

*In 293T cells.

DISCUSSION

Although ZFN technology has been successfully used in a
multitude of systems for genomic modification (2,3), one
of the major barriers in adoption is the need for a simple
approach to generate functional ZFNs for nearly any
target site. Traditional-modular-assembly of ZFAs, al-
though becoming more facile as the quality of the finger
archives improves, still suffers from either moderate
success rates (39—41,51) or moderate targeting density
(50). The functional assembly of these units is complicated
by the influence of context-dependent effects at the finger—
finger interface (17,28,31,41,45). The CoDA method
described by the Zinc Finger Consortium bypasses this
problem by using two separate archives of two-finger
modules that share common N-terminal or C-terminal
fingers, which permits the assembly of three-finger
proteins through overlap at these common units (52).
Although straightforward, this system is inherently
limited to the creation of three-finger ZFAs, which can
restrict the precision of these ZFNs in complex
metazoan genomes, and assessment of its modules has
focused on ZFAs recognizing NG-type junctions
(Supplementary Table S4). We have sought to bypass
this limitation through the development of a new
assembly method wherein finger—finger interface units
provide the grammar for assembly, which ensures that
the finger—finger interface is always compatible. We
assembled four ZFN pairs using this stitching approach
focused on ZFAs that contain non-NG junctions at the
finger recognition sequences. Remarkably, the specificity
of the modules comprising these ZFAs on assembly was
generally preserved when compared with the determined
specificities of the primary two-finger modules that
compose the archive. Moreover, all of these ZFNs were
functional when tested in zebrafish or in human cells,
demonstrating that this approach can produce ZFAs
that can function in the context of a complex genome.
We believe that the success of this stitching approach
stems primarily from using the +3 positions to demarcate
the units of assembly. The recognition preference of
residues is probably best understood for the +3 position
in canonically binding fingers (54). Obviously, our
stitching approach ignores potential context-dependent
effects along each recognition helix that is splinted
together from two different modules. For example, if
one considers position +3 as a pivot point for the
docking of the zinc finger within the major groove, the
length and bulk of the residues at the flanking recognition
positions (—1 and +6) may influence the geometry of
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finger binding, which could lead to sub-optimal recogni-
tion in some instances for stitched fingers. Thus, we do not
expect that this new methodology will be completely free
of complications, but we anticipate that it will perform
favourably when compared with the traditional modular
assembly approach by minimizing the incompatibility of
fingers that are joined together.

Our strategy is adapted from the 1.5-finger assembly
method described by Isalan er al. (19); however, their
strategy focused solely on the assembly of three-finger
ZFAs and used selection in many cases to generate a func-
tional three-finger protein. Our approach does not require
selection and can be adapted for the creation of ZFAs of
any desired length. One limitation of our approach is the
requirement for a suitable archive of two-finger modules
that can be used for targeting the desired DNA sequence.
Currently, our archive is limited to the GANNAG and
GANNCG two-finger modules, but this set can be
readily expanded through the selection of additional
archives of modules or by co-opting two-finger modules
with good specificity from archives that have been
generated for other systems (39,52). Although the avail-
able archive for this assembly is currently somewhat
sparse, subsets of stitched modules can be combined
through standard modular assembly with one- and two-
finger units from existing archives to broaden the se-
quences that can be readily targeted.

To facilitate the discovery of ZFN target sites that are
accessible using this approach, we have modified our
existing website for the identification of ZFN target sites
within a user-input sequence element (http://pgfe.
umassmed.edu/ZFPmodularsearchV2.html) to include
the incorporation of stitched finger sets or subsets within
a ZFA. The Web interface ranks a set of target sites based
on the quality of the ZFA that can be assembled and
outputs the amino acid and DNA sequence for the
ZFAs to facilitate their creation through gene synthesis.
This new assembly method coupled with the standard
modular assembly approach increases the density of
ZFN target sites in the zebrafish genome to approximately
one every 110 bp, where 98% of the protein coding genes
have a ZFN target site (Supplementary Table S5). The
number of target sites that are accessible could be
greatly expanded through the creation of additional
two-finger module archives, where it should be readily
feasible to generate a validated set of all 256 possible
GNNNNG units allowing virtually any site to be
targeted by varying the number of fingers and the spacer
between ZFN binding sites.

Although our new archive of modules and our new
assembly method increases the density of ZFN target
sites, our zinc finger-based systems do not have the flexi-
bility in targeting that has recently been demonstrated
with the Transcription Activator-Like Effector Nuclease
(TALEN)-based platform (63,66-69). However, ZFNs
remain an important platform for targeted genomic
editing that may have advantages over TALENs for
certain applications, in particular therapeutics. Because
each zinc finger recognizes three base pairs as opposed
to one base pair for each TALE module (70-73), ZFNs
are inherently more compact than TALENs. Thus, for
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nuclease-based gene therapy applications using viral
delivery systems (74), ZFNs constitute a more compact
cargo than TALENSs, and as such, they may prove to be
more amenable to use in certain settings.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1-5 and Supplementary Figures
1-8.
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