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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 engi-
neering 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.

artificial restriction enzymes | DNA cloning | multigene vectors

NA cloning is fundamental for nearly every niche of molecular

biology research, and site-specific endonucleases are the cor-
nerstones of modern recombinant DNA technology (1, 2). 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 (3). But
although >600 of these restriction enzymes are currently commer-
cially available, only 262 distinct sequences are targeted (3), 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 (4). 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).

Meganucleases (also known as rare cutters) have been particu-
larly useful for in vivo applications. Their high specificity makes
them extremely useful for genome engineering in mammalian,
animal, and plant cells (5-7) and for novel cloning purposes (8-10).
Various groups are engaged in searching for, modifying, and
reengineering existing meganucleases for the targeting of novel
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sequences (8-10). But the extreme specificity of meganucleases
(and of other restriction enzymes, for that matter) poses a great
challenge for their engineering (11), and we have yet to witness the
commercialization and widespread use of some of the recently
reported variant and novel meganucleases (8-10).

Recently, zinc finger nucleases (ZFNs), a new type of restriction
enzymes, have been developed as a novel tool for genome engi-
neering in living cells (12-14). ZFNs provide an excellent alterna-
tive to the tedious and potentially impractical reengineering of
existing meganucleases, because they can be engineered to digest
virtually any long stretch of DNA sequence (15). 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 Fig. 14). 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 (16, 17). 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 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 success-
fully used as powerful tools for gene targeting in various species
(12-15). The rules and protocols for the design, assembly, and
testing of new ZFNs have been laid out in several recent publica-
tions (17-19), 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
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Fig. 1.  Structure and expression of ZFNs and
their use for DNA cloning. (A) The structure of
atypical 24-bp-long ZFN recognition site and its
corresponding zinc finger protein, exemplified

S.L by ZFN10. DNA triplets (blue) and their binding

s ) s
. . .CCAGTGCCTGCATCCATGTAAGTATGGATGCAACCGGTCAA. . . // . . . GACGCGGCCGCTGCATCCATGTAAGTATGGATGCAGTAATCA. . .
. .GGTCACGGACGTAGGTACATTCATACCTACGTTGGCCAGTT. . .//. . .CTGCGCCGGCGACGTAGGTACATTCATACCTACGTCATTAGT. . .

A ~ zinc fingers (ovals) are numbered correspond-
ingly. 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

E

.. .CCAGTGCCTGCATCCATGTAAGTATGGATGCAGTAATCA. . .
.. .GGTCACGGACGTAGGTACATTCATACCTACGTCATTAGT. . .

ZFN10

purposes, as well as the potential for digesting and cloning native
target DNA molecules. Given that >200,000 different combina-
tions 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.

Results

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 (Fig. 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 Fig. 14. Because an active ZFN10
site is actually composed of two 9-bp sequences making up a
“palindrome-like” recognition site, two ZFN10 proteins were ex-
pected to function as a homodimer and cleave within the 6-bp
spacer, as reported previously for other ZFNs (20). 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 (Fig. 1A4), then the overhang-
ing 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 (Fig. 1C).
Indeed, Ni-NTA-purified ZFN10 was able to release a specific
ZFN10-flanked 1.2-kb fragment from pSAT10-MCS (Fig. 1D).
Similarly, in vitro-expressed ZFN10 also released a well defined
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D carboxyl terminus, and the predicted cleavage
PSAT10-MCS PSAT10-2 sites are indicated by arrowheads. (B) Scheme
E = E = of the pSAT10-MCS plasmid. Sequences of the
@ ZO ° @ g ° ZFN10 palindrome-like recognition sites are in
D = = - P = = blue. (C) Separation of total crude extract from
'E ‘3, E % -g %’, E % induced (+IPTG) and noninduced (-IPTG) ZFN10
= 5 I N Z2 5 < N 2

protein-expressing E. coli cells and of purified
ZFN10 protein (P). The 34-kDa band corre-
sponding to the ZFN10 protein is indicated. (D)
Restriction analysis of the parental pSAT10-
MCS and its progeny plasmid pSAT10-&. (E)
Sequence analysis of the ZFN10 ligation site in
one of the pSAT10-& plasmids. Sequences of
the reconstructed ZFN10 palindrome-like rec-
ognition sites are in blue.

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
DH5a E. coli cells. We recovered a large number of recombinant
colonies and analyzed their structure by both restriction pattern
analysis and DNA sequencing. Fig. 1D shows that whereas the
digestion of the parental pSAT10-MCS by Agel and NotI (which are
located internal to the ZFN10; Fig. 1B), or solely by ZFNI10,
released a 1.2-kb fragment, digestion of the self-ligated plasmid’s
backbone (pSAT-J) 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-Z; Fig. 1D). Indeed,
PSAT-Z 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-J; Fig. 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 ZFNI10 site at the ligation site. Indeed,
DNA sequencing of several recombined clones clearly showed the
accurate assembly of a new ZFN10 site (Fig. 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 re-
covered using common recombinant DNA protocols.

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
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Nott  ZFN10

i .éCGGCCGCTGCATCCATG;AAGTATGGATGC‘AGT. G
B .CGCCGGCGACGTAGGTACAT’RCATACCTACGTCA. 4ic]

...GG TTCCCACAAACTTACTTGTGGGAA AG..//..GGTACC TGCATCCATACTTACATGGATGCA GG. ..
.. .CC AAGGGTGTTTGAATGAACACCCTT TC.. //..CCATGG ACGTAGGTATGAATGTACCTACGT CC...

pRCS11  Pom

YFP-CHS chloroplasts DsRed2-P

C

: ....

D ZFN11 Notl Agel

ZFN11

Fig. 2. Assembly of dual-expression cassettes by
ZFNs. (A) Schemes of pSAT10-YFP-CHS and pSAT11-
DsRed2-P. Sequences of ZFN10 and ZFN11 recogni-
tion sites are in purple, and the predicted cleavage
sites in each sequence are indicated by arrowheads.
(B) Scheme of the pRCS11 acceptor plasmid. Se-
quences 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. Ex-
pression of YFP-CHS, DsRed-P, and chloroplast

...GG TTCCCACAA ACTTAC TTGTGGGAA GCGGCCGC..//..ACCGGT TTCCCACAA ACTTAC TTGTGGGAA AG...
..CC AAGGGTGTT TGAATG AACACCCTT CGCCGGCG..//..TGGCCA AAGGGTGTT TGAATG AACACCCTT TC...

DsRed2-P expression cassette
Kpnl ZFN10 Notl Agel

ZFN10

autofluorescence is shown in yellow, blue, and red,
respectively. The images are projections of several
confocal sections. (D) Sequence analysis of the ZFN10
and ZFN11 ligation sites in pRCS11[YFP-CHS]

...C GGTACC TGCATCCAT ACTTAC ATGGATGCA GCGGCCGC..//..ACCGGT TGCATCCAT ACTTAC ATGGATGCA GG...
...C CCATGG ACGTAGGTA TGAATG TACCTACGT CGCCGGCG..//..TGGCCA ACGTAGGTA TGAATG TACCTACGT CC...

[DsRed2-P]. ZFN10 and ZFN11 sequences derived
from the acceptor plasmid pRCS11 are in blue, and

YFP-CHS expression cassette

and the cloned genes (21). 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 (21, 22). 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 (22) carrying plant expression cassettes for the
yellow fluorescent protein (YFP)-tagged endoplasmic reticulum
protein chalcone synthase (CHS) (23) and the DsRed2-tagged
protein P of Sonchus Yellow Net Virus (SYNV) (24), respectively.
The YFP-CHS and DsRed2-P expression cassettes were flanked by
ZFN10 and ZFN11 24-bp-long recognition sites, respectively (Fig.
24). 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 (Fig.
2B). We successively cloned the YFP-CHS and DsRed2-P expres-
sion 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 dem-
onstrated the successful mounting of both expression cassettes onto
the acceptor plasmid.

Consistent with previous observations (23, 24), DsRed2-P was
found in both the cell nucleus and the cytoplasm, whereas YFP-

Zeevi et al.

those derived from the inserted expression cassettes
are in purple.

CHS decorated the rough endoplasmic reticulum and the nucleus
(Fig. 2C). Furthermore, when we cobombarded pRCS11[YFP-
CHS][DsRed2-P] with pSAT3-N (22), 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; Fig. 2C), in accordance with the N
protein’s function: translocating the P protein into the host cell
nucleus (24).

We next analyzed the ligation junction site sequences, and found
that ZFN-digested cassettes were accurately ligated into their
corresponding cloning sites on pRCS11 (Fig. 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.

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
ZFNs is their ability to recognize and cleave existing native se-
quences. 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 sequences), we
selected a 22-bp-long target sequence and constructed a pair of new

PNAS | September2,2008 | vol. 105 | no.35 | 12787
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Kpnl ZEN-H2b >~
.. .AGCATCAGCACCAACACCAGCTGCTGTCTAAGT. . .
... TCGTAGTCGTGGTTGTGGTCGACGACAGATTCA. . .
ZFN-H2a

B Kpnl Smal
...GGTACC..//..CCCGGGTT. . .
pSL301 ' ccarce..//..coecccan. . .

.. .CCGGTACCGG. .//.
. .GGCCATGGCC. .// .

. ..CCGGTACCGG. .//..TCAGCACCAACAC GGGTT. ..
. .GGCCATGGCC. .//. .AGTCGTGGTTGTG CCCAA...

. TCAGCACCAACACCAGGGTT. . .
.AGTCGTGGTTGTGGTCCCAA. . .

.. .CCGGTACCGG. .// . .TCAGCACCAACA GGGTT. ..
. .GGCCATGGCC. .// . .AGTCGTGGTTGT CCCAA. ..
.. .CCGGTACCGG. .// . .TCAGCACCAAC GGGTT. ..
. .GGCCATGGCC. .// . .AGTCGTGGTTG CCCAA...

Fig. 3. Custom-cloning of a target DNA sequence. (A) Outline of the Arabi-
dopsis 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/Kpnljunctionsin 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.

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 (Fig. 34). 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
(Fig. 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 (Fig. 3B).

These observations are in line with a previous report (20) showing
that ZFN digestion patterns may depend on the length of the spacer
between the ZFN monomers’ binding sites. Thus, our data dem-
onstrate that ZFNs can be designed to facilitate in vitro cloning of
not only artificial, but also native DNA sequences.

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 BglII). To demonstrate this feature for artificially
designed ZFNs, we linearized pSAT12.1-CHRD-RFP, a plasmid
carrying a ZFN-H2a recognition sequence (Fig. 44) and the
RFP-tagged chloroplast ChrD protein expression cassette, and
cloned it into the ZFN10 recognition site on pRCS11 (Fig. 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 frag-
ments (Fig. 4C).

Naturally, because the palindrome-like ZFN10 and ZFN-H2a
recognition sequences at the ligation sites were lost after the ligation
(Fig. 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-HindIII 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 Fig. 4D, although the fragment
could be digested by Kpnl, an enzyme with recognition sites located
near the ZFN-H2a/ZFN10 junction recognition site, neither
ZFNI10 nor ZFN-H2a alone was capable of digesting the recom-
bined 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 Apall-HindIIl fragment with a

A pSAT12.1-CHRD-RFP B i .GGTACCTGCATCCATA&'TACATGGATGCAGG. e
s .gCATGGACGTAGGTATGA?GTACCTACGT‘CC S
Ncol  Xbal
EcoRI Kpnl  ZFN10 Hindll
Agel _ Notl ZFN-Hza > | | | | >

Bk .G:CGGCCGCAGCACCAACG CCGTTGGTGCTGT. . .
it .CGCCGGCGTCGTGGTTGCAT'%;GCAACCACGACA. i

C Kpnl ZFN10/ZFN-H2a junction Notl ZFN-H2a/ZFN10 junction
.. .GGTACCTGCATCCATACTTACGTTGGTGCTGCGGCCGC. . //. . ACAGCACCAACACGGACATGGATGCAGG. . .
. . .CCATGGACGTAGGTATGAATGTACCTACGTCGCCGGCG. . // . . TGTCGTGEGTTGTGCCTGTACCTACGTCC. . .

Fig. 4. DNA cloning using compatible ZFNs. (A)
Scheme of pSAT12.1-CHRD-RFP. The ZFN-H2a recog-
nition-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
ZFN10 recognition sequences derived from the ac-

insert

undigested
ZFN-H2a
ZFN10

12788 | www.pnas.org/cgi/doi/10

ZFN-H2a/ZFN10

kpnl

Apall ZFN-H2a/ZFN10 Kpnl

ceptor 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-Hindlll fragment from pRCS11[10/12.1-CHRD-

Hindlll

+—r <

300 bp 700 bp

.1073/pnas.0803618105

> RFP]. The fragment's restriction map, which includes
a ZFN-H2a/ZFN10 ligation junction, is on the right.
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combination of ZFN10 and ZFN-H2a resulted in a digestion
pattern similar to that after digestion with Kpnl alone (Fig. 4D),
suggesting that the ZFN10-ZFN-H2a heterodimer indeed is capa-
ble of binding and digesting the ZFN10/ZFN-H2a junction recog-
nition site. Thus, our data demonstrate that ZFN monomers can be
shuffled and matched for digestion, cloning, and analysis of recom-
bined molecules.

Discussion

Novel restriction enzymes with unique specificities, particularly
enzymes that are capable of recognizing and cleaving long se-
quences, are extremely useful for genome analysis and manipula-
tion, assembly of complex DNA structures, and genome editing
(25-27). Thus, although other molecular techniques, such as over-
lap extension polymerase chain reaction (PCR), Sfil-based ligation,
multiGATEWAY recombination, and uracil-DNA glycosylase, can
be used for the construction of complex DNA structures (21, 28),
the search continues for novel and rare-cutting restriction enzymes
that can facilitate the cloning of DNA molecules. Various ap-
proaches 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 (9). 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 (29). 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 (11, 30), 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 et al. (31) 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 enzymes is not modular
by nature (in contrast to, e.g., zinc finger transcription factors),
reengineering such enzymes to bind novel sequences while main-
taining their specific enzymatic activity is a challenge (30).

The development of ZFNs as a tool for genome engineering (15)
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
(17-19, 32-33), and a collection of ZFNs already has been assem-
bled and successfully used in gene-targeting experiments in various
species (12-15). During the course of this study, we successfully
used publicly available knowledge and information for the design
and construction of four novel ZFNs, 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 devel-
opment and analysis of other ZFN proteins (14, 17, 19, 33); 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 (20, 33). When properly
aligned on their target DNA, two ZFN monomers will act together
to digest spacers of different lengths and will leave various lengths
of 5" overhang (17, 20, 33). 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
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complex DNA constructs. We demonstrated this flexibility during
the cloning of the FtsH2 genomic clone (Fig. 3) and the assembly
of the CHRD-RFP expression cassette onto a plant-transformation
vector (Fig. 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 mono-
mers 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
ZFNI10 (Fig. 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 (Fig. 34). 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 (20), digestion
of the 4-bp-long sequence indeed occurred at different positions on
the spacer (Fig. 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 oc-
curred between the third and fourth nucleotides of the spacer (Fig.
4C). Rare cutters’ ability to achieve site-specific digestion of such
long spacers allows for another important use, in directional cloning
(Fig. 2). Directional cloning is particularly important during the
assembly of complex multigene transformation 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 (21) and other com-
plex 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 (13, 14) 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 (17, 18, 33), they represent a
powerful and novel addition to the molecular biologist’s toolbox.

Materials and Methods

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
onazinc-finger framework consensus sequence developed by Desjarlais and Berg
(34). The detailed recognition helices are given in supporting information (Sl)
Table S1. 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 com-
prehensive list of the BBO and SDO primers used for the assembly of ZFN10,
ZFN11, ZFN-H2a, and ZFN-H2b is given in Table S2. Each PCR was composed of 5
pM BBO and SDO primers and 200 pM 5'CCGCTCGAGCTGAAAAACCTTACAAGT-
GTCC3’ 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
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Fokl endonuclease domain from pHS::QQR-QEQ/2300 (12) and a 6xHis-tag at the
C terminus of the protein driven by the T7 promoter.

Assembly of Modified pSAT and pRCS Plasmids. To construct pSAT10-MCS,
pPSAT11-MCS, and pSAT12.1-MCS, the entire plasmid backbone of pSAT6-MCS
(22) was PCR-amplified using the appropriate set of primers (Table S3). The
PCR product was digested by Agel and Notl, and ligated with the Agel-Not/
1.2-kb fragment from pSAT6-MCS (22). The YFP-CHS, DsRed2-P, and CHRD-RFP
expression cassettes were cloned as Agel-Notl fragments from pSAT6-EYFP-
C1-CHS, pSAT4-DsRed2-P, and pSAT6(A)-CHRD-mRFP-N1, respectively, pro-
ducing pSAT10-YFP-CHS, pSAT11-DsRed2-P, and pSAT12.1-CHRD-RFP. pRCS11
was constructed by modifying the MCS of pRCS2 (22); this was done by
subsequent cloning of self-annealed pairs of primers (Table S3) encoding the
ZFN10 and ZFN11 sites into the Kpnl and Smal sites, respectively, of pRCS2.

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 trans-
formed 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 ODgqo of 0.6, ZFN expression was
induced by 0.7 mM IPTG for 3h at 22°C. Cells were harvested by centrifugation;
resuspended in 35 ml of 25 mM Tris-HCI [pH 7.5], 300 mM NacCl, 5% (vol/vol)
glycerol, and 100 M ZnCly; 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°Cin
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.

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 NacCl, 1 mM DTT, 100
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M ZnCly, 50 ng/ml of BSA, and 100 ug/ml of tRNA in a total reaction volume of
20-30 pl. Typically, 0.05-1 ul of purified enzyme was added to the 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
inthe target plasmids were dephosphorylated using shrimp alkaline phosphatase
(Fermentas), and fragments were ligated with T4 ligase (NEB) and then trans-
ferred to chemically competent DH5a E. coli cells using standard molecular
biology protocols.

Microbombardment and Confocal Microscopy. For biolistic delivery, 50 g of DNA
was adsorbed onto 10 mg of 1-um 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 adsorp-
tion 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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