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We report very high gene targeting frequencies in Drosophila by
direct embryo injection of mRNAs encoding specific zinc-finger
nucleases (ZFNs). Both local mutagenesis via nonhomologous end
joining (NHEJ) and targeted gene replacement via homologous
recombination (HR) have been achieved in up to 10% of all targets
at a given locus. In embryos that are wild type for DNA repair, the
products are dominated by NHEJ mutations. In recipients deficient
in the NHEJ component, DNA ligase IV, the majority of products
arise by HR with a coinjected donor DNA, with no loss of overall
efficiency in target modification. We describe the application of the
ZFN injection procedure to mutagenesis by NHEJ of 2 new genes in
Drosophila melanogaster: coil and pask. Pairs of novel ZFNs de-
signed for targets within those genes led to the production of null
mutations at each locus. The injection procedure is much more
rapid than earlier approaches and makes possible the generation
and recovery of targeted gene alterations at essentially any locus
within 2 fly generations.

coilin � DNA ligase IV � DNA repair � PAS kinase � targeted mutagenesis

The basis of genetic analysis is to explore the phenotypic
consequences of alterations in DNA sequences. In forward

genetics, mutations responsible for particular phenotypes are
traced back to their genomic location. In reverse genetics, a
genomic target is identified and mutations are directed to it. The
latter approach is very powerful in elucidating gene function,
particularly when any desired sequence change can be intro-
duced. Methods to accomplish this have been devised for yeast
(1), mice (2), and Drosophila (3), but the frequency of targeted
mutagenesis is typically quite low, and such procedures are not
available for many experimental organisms.

Zinc-finger nucleases (ZFNs) are proving to be powerful tools
for directed genome manipulation (4, 5). The nonspecific cleav-
age domain of these proteins is linked to a set of DNA-binding
ZFs that can be modified to recognize a wide range of DNA
sequences (6, 7). Because of the requirement for dimerization of
the cleavage domain (8), a pair of ZFNs is designed for any
particular target (7). Upon binding to the target sequence, the
dimer introduces a double-strand break (DSB) with 4-nt 5�
overhangs. Integrity of the broken chromosome is restored by
cellular DNA repair functions (Fig. 1). Nonhomologous end
joining (NHEJ) often produces small insertions and/or deletions
at the junction, creating mutations precisely at the cleavage site
(9). Cells also repair DSBs by homologous recombination (HR),
and modified versions of the target gene supplied by the
experimenter can serve as the repair template, thereby intro-
ducing designed modifications (10, 11).

Applications of ZFNs have been reported in a number of
organisms and experimental systems, including Xenopus oocytes
(12), Drosophila (9, 10, 13), cultured human cells (11, 14–21),
cultured plant cells (20, 22), whole plants (23), nematodes (24),
and zebrafish (25, 26). For each application, delivery of the ZFNs
and donor DNA must be adapted to the system at hand. In the
case of Drosophila, we have achieved very high levels of targeted
mutagenesis by NHEJ and gene replacement by HR based on
heat shock induction of designed ZFNs (13). The procedure,

however, required elaborate genetic constructions to place 2
ZFN coding sequences and the donor in the genome along with
transgenes for FLP and I-SceI (which activate the donor by
excision and linearization; ref. 27). We sought to simplify the
procedure and make it more accessible to interested researchers.

In this study we present an embryo injection method that
yields new, targeted mutations by both HR and NHEJ. The
frequencies are high enough that novel mutations are recovered
readily without the need for a known phenotype. We investigated
several parameters of the HR process and found that best results
were obtained with a circular donor DNA carrying several
kilobases of homology to the target on both sides of the
ZFN-induced break. Remarkably, when we used recipient em-
bryos mutant for DNA ligase IV, a component of the canonical
NHEJ pathway (28), the bias was shifted strongly toward prod-
ucts of HR with a coinjected donor DNA.

To demonstrate the utility of the injection method, we de-
signed new pairs of ZFNs for targets in the Drosophila genes for
coilin, a defining component of nuclear Cajal bodies (29, 30), and
PAS kinase, a serine/threonine kinase that plays a role in
metabolic regulation in yeast and mammals (31). The new
mutations we generated will allow us to take advantage of
Drosophila genetic analysis to study the detailed functions of
these proteins.
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Fig. 1. Repair outcomes after a targeted, ZFN-induced DSB. ZFNs make a DSB
in the chromosomal target, leaving a 4-base 5� overhang. The break can be
repaired by NHEJ, leading to localized mutations (star). Alternatively, a
marked donor DNA can be used as a template to repair the break by HR,
leading to the incorporation of specific mutant sequences (black box). Shad-
ing in the HR product indicates that sequences for some distance on either side
of the break may be incorporated from the donor.
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Results
RNA Injections for ZFN Expression and NHEJ. Embryo injection has
been the method of choice for introducing transgenes into
Drosophila for �25 years (32). In this procedure the P element
transposase is expressed from an injected plasmid and leads to
the hopping of a modified transposon from a separate plasmid
into the genome. It seemed likely that ZFNs could also be
expressed upon injection. We tried several approaches, including
injection of purified proteins and DNA constructs with several
different promoters. Although it may be that these formats could
succeed—for example, with a different promoter—we achieved
best results with injection of synthetic mRNAs (3, 33) for a pair
of ZFNs.

The initial test system involved materials for the rosy (ry) gene,
which gave us the highest frequencies of mutagenesis in the heat
shock procedure (13). As described in Materials and Methods, the
coding sequences for the ryA and ryB ZFNs were cloned into an
in vitro transcription vector. RNAs synthesized from these
constructs encode an N-terminal nuclear localization signal
(NLS) and carry a 5� cap and a 3� poly(A) tail. Although an NLS
was not necessary in our earlier protocol, it was essential to the
success of the injection experiments.

To assess targeted mutagenesis via NHEJ, synthetic mRNAs
were produced separately for the ryA and ryB ZFNs, mixed, and
injected together into wild-type embryos. When adults eclosed,
they were crossed to flies carrying known ry mutations to reveal
new mutations generated by ZFN cleavage. Progeny of these
crosses were scored for ry offspring, each of which represents an
individual gamete derived from mutagenesis in the parental
germ line. For both males and females, we report the percentage
of fertile parents that yielded ry mutants, the average number of
mutants per fertile parent, and the percentage of all offspring
that were mutant. In the experiment shown in Table 1, large
numbers of ry mutants were obtained from both male and female
injected parents. Nearly half of the injected parents yielded
mutant offspring, hundreds of mutants were recovered from
those parents, and mutants represented �10% of all offspring.

The sequences of representative mutant ry genes were deter-
mined. They showed the usual pattern of small deletions and
insertions at the ZFN cleavage site (data not shown). There were
no systematic differences from the types of mutations recovered
in heat shock experiments (9, 13). Individual parents typically
gave multiple mutant offspring, including clusters of the same
mutation (13). These sibling groups tended to contain larger
clusters and fewer different sequences than similar sibling groups
isolated from the heat shock experiments. This is likely because
the mutations were induced at an earlier stage of development,
when there were fewer germ line cells that subsequently under-
went expansion en route to gamete production.

The yield of fertile adults from these injections was quite
variable and often much lower than for standard P element DNA
injections. With the ry ZFNs, the percentage of injected embryos
that emerged as fertile adults ranged from 4% to 30%, and losses
occurred at all stages of development. This may be due to
consequences of injecting RNA or to the activity of the ZFNs.

In other situations some toxicity of ZFNs in Drosophila has been
described (9), although this was not manifested by the ryA and
ryB proteins (13).

Mutagenesis of New Drosophila Genes. Because of its readily scored
mutant phenotype, the ry gene provided a useful test system. We
also produced NHEJ mutations in the yellow gene by RNA
injection, albeit at lower frequencies. In both cases the efficiency
was high enough that new mutations would have been recover-
able by molecular analysis, without reliance on a known mutant
phenotype. To demonstrate this and to extend the ZFN ap-
proach to additional independent targets, we chose to attack the
Drosophila genes encoding the coilin (coil, CG8710) (30) and
PAS kinase (pask, CG3105) (34) proteins.

Coilin is the signature component of nuclear structures called
Cajal bodies (29). We searched the coil genomic sequence for
regions composed of DNA triplets for which highly specific ZFs
are available (7). The particular sequence that was chosen is
shown in Fig. 2. It has the standard configuration for ZFN
targets: 2 sets of 3 triplets for which ZFs exist, separated by a
6-bp spacer. Five of the 6 triplets are of the form 5�-GNN-3�;
fingers for such triplets are the best characterized. The sixth
triplet is CTA, for which a good finger has been described (35).
Notably, this is the first time we have used a non-GNN-directed
finger for targeting in Drosophila. Coding sequences for the
corresponding ZFNs were designed, constructed, cloned, tran-
scribed, and injected into wild-type recipients as described in
Materials and Methods.

The ZFN target resides in coding sequence very near the
translational start codon, so we expected NHEJ mutations to
create null alleles. Because we did not know the phenotype of
such mutants, we screened offspring of injected parents by
molecular analysis, using a protocol that made no a priori
assumption about mutant viability. Parents were crossed to

Table 1. NHEJ mutagenesis at the ry locus by RNA injection

Parents Number
Yielders,

n (%)
Mutants,

n
Mut/par,

n
Mut/total,

%

Female 55 23 (42) 356 6.5 7
Male 44 18 (41) 434 9.9 13

The number of injected parents that produced fertile crosses is shown,
along with the number (and percent) of those that yielded mutant offspring.
The total number of mutants is reported, along with the mutants per fertile
parent (Mut/par) and mutants as a proportion of total progeny (Mut/total).

coil  ATG CAA CAC TCC AGC ATG AAG GTG GAT CTA
      TAC GTT GTG AGG TCG TAC TTC CAC CTA GAT

      ATG CAA CAC TCC AGC ATG AA- GTG GAT CTA

      ATG CAA CAC TCC AG- --- --- GTG GAT CTA

      ATG CAA CAC TCC AGC ATC A-- GTG GAT CTA

      ATG CAA CAC TCC AGC A-- --- --- --T CTA

      ATG CAA CAC TCC AGC ATC AAG GTG GAT CTA
                             T

pask  AGC CAC ATC TCC TCC CTG GCG GAG
      TCG GTG TAG AGG AGG GAC CGC CTC

      AGC CAC ATC --- TCC CTG GCG GAG

      AGC CAC ATT --C TCC CTG GCG GAG

      AGC CAC ATC TCC TCC CTG GCG GAG
                    CCTC

Fig. 2. ZFN targets in the coil and pask genes. Both strands are shown in the
top lines for each target, and the triplets to which ZFs were designed are in
bold, red type. Points of expected cleavage on each strand are indicated with
arrowheads. The start codon for the long form of coilin is underlined. Muta-
tions recovered from the offspring of injected parents are shown in the
context of the top strand. Dashes indicate deleted residues. Substitutions and
insertions are shown in bold, blue type. The first coil mutant was recovered
twice independently. The 4-bp insertion in the bottom pask mutant is a fill-in
and blunt join of the 4-base overhang created by ZFN cleavage.
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partners that carried a deficiency covering the coil gene
[Df(2R)CA53] opposite a second chromosome balancer (CyO)
(Fig. 3). This yields offspring with candidate chromosomes either
over the deficiency or over the balancer. No obvious phenotypes
were observed in the former class, but the frequency of mu-
tagenesis was not known at that stage. Candidates with the
balancer were crossed again to the Df(2R)CA53/CyO strain.
Because all of the candidate chromosomes were viable over the
deficiency, offspring with the Df chromosome were chosen for
molecular analysis.

A region around the coil target was amplified by PCR from
genomic DNA of each of the candidates. In some cases individ-
ual amplicons were sequenced directly; in others, pools of
genomic DNA from 3 nonsibling flies were amplified together
and subjected to reaction with the mismatch-specific Surveyor
(CelI) nuclease (36, 37). When the latter assay revealed hetero-
duplexes, PCR products from individual genomes were then
sequenced, and several small deletions and insertions were
identified (Fig. 2).

In one experiment we estimated the frequency of mutagenesis by
amplifying and sequencing the coil target from 91 F1 offspring
carrying the Df chromosome from 45 different injected parents.
Seven of these, from 5 parents, were deletion mutants, a frequency
of 8% of the tested offspring. In some of these cases the Surveyor
assay was also performed, and there was good correspondence
between it and the individual sequencing. In a separate experiment,
a coil mutation frequency of �5% was obtained.

The 6 new coil mutations all created translational frameshifts

very close to the start codon of the longer identified ORF (Fig.
2). In separate homozygous lines for 2 of these mutations, no
coilin protein was detectable either by Western blot analysis
(data not shown) or by immunocytochemistry (Fig. 4). Thus, the
mutations were apparent nulls. These flies showed no reduction
in viability or fertility. A more extensive analysis of the conse-
quences of the loss of coil has been presented, including exam-
ination of ZFN-induced mutants (30).

A very similar approach was taken to produce new mutations
in the Drosophila gene for PAS kinase (pask). The sequence
chosen for targeting is shown in Fig. 2; it also contained 1
non-GNN triplet. In a small-scale pilot study, 3 independent
mutations (Fig. 2) were identified in the progeny of 1 of 5
surviving parents that were injected as embryos with the pask-
directed ZFN mRNAs. The viability of flies injected with these
ZFNs was considerably lower than that observed for the ry or coil
enzymes. Two of the pask mutations are frameshifts that should
be nulls; their phenotype is currently under examination. Loss of
PAS kinase has shown rather subtle effects in other organisms
(31), and the ease of manipulating its expression in Drosophila
should aid in characterizing the enzyme’s functions.

HR with Donor DNA by Injection. The ability to generate new
targeted mutations by ZFN cleavage and NHEJ is powerful, but
one often wants to introduce specific, designed modifications
into a gene of interest. In our earlier studies we induced very
efficient gene replacement by generating a linear donor DNA in
situ in conjunction with target cleavage by ZFNs (10, 13). It
seemed straightforward to coinject a donor DNA along with the
ZFN mRNAs in the new procedure. New mutant ry genes were
assayed after PCR amplification for the presence of the XbaI site
that replaces the ZFN recognition sequences in the donor (13)
and characterized as products of NHEJ (XbaI�) or HR (XbaI�).

Table 2. Injections with donor DNA

Donor Parents, n Yielders, n (%) Mutants, n HR/total, n (%)

4.16 kb circ, 1.5 mg/mL 61 31 (51) 437 24/355 (6.8)
4.16 kb, lin, 0.85 mg/mL 157 63 (40) 1380 0/52 (0)
0.5 kb, lin, 0.125 mg/mL 92 6 (6) 30 0/25 (0)

Injection mixes included the ryA and ryB mRNAs and the indicated donor DNAs and concentrations. Parents,
yielders, and mutants are as in Table 1. The number of mutations that were products of HR with donor DNA is given
in the final column, over the total number subjected to molecular analysis, with the percent HR in parentheses.
The 3-kb plasmid backbone was present with the 4.16-kb donor in both the circular and linear configurations. The
concentration of the 0.5-kb PCR product was adjusted so that the concentration of donor molecules was similar
to that with the longer donor. The yield of mutants was significantly lower with the 0.5-kb donor in 2 experiments,
for unknown reasons.

Inject ZFN mRNAs

Df

CyO
*

 Df

+
+

x *
CyO

+

Df

CyO
*

 Df
x *

CyO
+

PCR
Surveyor nuclease
Sequence

Fig. 3. Scheme for isolation of ZFN-induced mutations in the coil gene.
mRNAs for the designed ZFNs were injected into wild-type embryos. When
adults eclosed they were crossed to parents carrying a deficiency (Df) that
includes the coil gene on the second chromosome and a balancer with a
dominant marker (CyO). Candidate chromosomes (*) carried over the balancer
were isolated individually by crossing again to the same strain. From the
second cross, and in some cases from the first cross, individual alleles carried
over the deficiency were subjected to molecular analysis.

Coilin + Lsm11 10 m

coil199coil       CyO199A B

Fig. 4. Cells of the ejaculatory duct stained with antibodies against Dro-
sophila coilin (green) and Drosophila Lsm11 (red). DNA is stained with DAPI
(blue). (A) In flies heterozygous for coil199 and the balancer CyO, a single
coilin-positive Cajal body and a single Lsm11-positive histone locus body are
detectable in each nucleus. (B) In the homozygous coil199 fly, coilin is absent
and only the histone locus body is detectable.
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After testing several different formats for delivery of a ho-
mologous donor DNA for the ry locus, we found the following:

(i) A circular donor was more effective than a linear config-
uration (Table 2). No HR products were recovered after coin-
jection of either a 4.16-kb linear fragment or a 0.5-kb PCR
product with homology to both sides of the ZFN-induced break.
When the same 4.16-kb donor was introduced as part of a
circular plasmid, HR products represented a small but easily
identified proportion of new mutations.

(ii) Extending donor homology on either side of the break had
little effect on the frequency of HR (data not shown). The
original 4.16-kb donor had 3.16 kb of homology on the 5� side
and 1.0 kb of homology on the 3� side of the break (13). Two
donors with additional homology were tested: the 7.46-kb ‘‘sym-
metrical’’ donor had 3.16 kb of 5� of the ZFN target and 4.3 kb
of 3� of the target; the 7.1-kb ‘‘asymmetrical’’ donor had 6.1 kb
of 5� and 1.0 kb of 3� of the target.

(iii) Coinjection of DNA seemed to decrease the overall yield
of ry mutants in some cases, and the effect was more severe at
higher DNA concentrations. It seems possible that large
amounts of DNA bind the ZFN proteins through nonspecific
interactions, thereby decreasing their effective concentrations.

High Frequencies of HR in the Absence of DNA Ligase IV. Since both
HR and NHEJ are stimulated by ZFN cleavage of the target, we
reasoned that the yield of HR products might be improved in a
background deficient for a key NHEJ component. In fact, we
found this was true in the heat shock protocol (A.B., K.J.B.,
J.K.T., and D.C., unpublished data). Drosophila mutants lacking
DNA ligase IV (lig4�) are viable and fertile (38, 39). We injected
embryos from such a strain with the ryA and ryB ZFN mRNAs
along with either the 4.16-kb or 7.46-kb donor DNAs.

As shown in Table 3, the results were quite dramatic. In the
lig4 background, the yield of mutants was as high as in any of our
injection experiments, both in terms of parents yielding mutants
and total number of induced mutations. However, essentially all
of the mutants were the result of HR, with very rare NHEJ
products. DSBs that are substrates for NHEJ in a wild-type
background apparently become substrates for HR in the absence
of DNA ligase IV, and the injected donor served as an effective
template.

The ry gene has consistently been our best ZFN target in
Drosophila. The effect of eliminating lig4 was also tested for the
case of the yellow gene (9, 10, 13). The overall efficiency of
mutagenesis was lower at this target, but the lig4 effect was
similar. Among ZFN-induced y mutants analyzed, from injec-
tions of wild-type embryos 0 of 14 were HR products, whereas
16 (70%) of 23 from lig4 embryos had incorporated the donor.

Discussion
The method we report here of delivering ZFNs to Drosophila by
direct embryo injection greatly simplifies both targeted mu-
tagenesis and targeted gene replacement with these reagents.
New alleles can be identified within 2 or 3 fly generations,
depending on the expected phenotype, and including a homol-
ogous donor DNA adds no time to the experiment. The previous
heat shock method (13) required more generations because of

extensive strain building, and addition of a donor entailed
additional complexity. The injection protocol will make ZFN-
directed genome modification much more accessible. The fre-
quencies of both NHEJ and HR achieved here are sufficiently
high after injection that new alleles can be isolated without the
need for a detectable phenotype.

RNA injection may be additionally advantageous for at least
2 reasons. First, no ZFN-encoding transgenes are inserted into
the genome, thus avoiding unintended insertional mutagenesis.
Second, the injected RNAs presumably have limited duration, so
the nucleases are present for a limited period. Although we do
not know how long either the RNAs or the nuclease proteins
persist, it seems likely the time would ultimately be shorter than
in a situation where ZFN transgenes were expressed. A potential
drawback is that RNA is more difficult to handle reproducibly
than DNA, and we have experienced variation among batches of
in vitro transcripts. Nonetheless, effective commercial kits for in
vitro transcription are available.

Although both NHEJ and HR repair DSBs in the injection and
heat shock procedures, we observed some differences in detail.
Although a linear donor was most effective in heat shock
experiments, only circular donors worked upon injection. Per-
haps linear DNAs are degraded by exonucleases in the embry-
onic syncytial cytoplasm, whereas the donor is generated within
the nucleus in the heat shock protocol. Alternatively, linear
molecules may be concatenated by end-joining activities in
embryos and rendered less capable of entering pole cell nuclei.
In addition, the repair capabilities of embryonic and larval germ
cell nuclei may be inherently different. Another difference was
that an NLS on the ZFNs was absolutely required for injections,
but it was not used in the heat shock experiments. We speculated
earlier that the ZFNs might gain access to the genome upon
nuclear membrane breakdown in dividing germ cell precursors
in heat shocked larvae (13). With a shorter effective ZFN
half-life after injection, such passive access may not be available
to nuclei of slowly dividing embryonic pole cells.

When a donor DNA was included, the proportion of HR
products was lower in injections of wild-type embryos than in
heat shock experiments. This discrepancy was more than com-
pensated by injecting into lig4 mutant embryos. The overall yield
of altered targets was not decreased, but the proportion repre-
senting gene replacement by HR rose dramatically. This might
be expected when the major NHEJ process is disabled. It has
been observed, however, that removing DNA ligase IV does not
always reduce end joining to this extent (39–42). Since lig4� f lies
are viable and fertile, we see no major drawbacks to using such
strains as recipients for RNA and DNA injections when gene
replacements are desired. Even in organisms where lig4 muta-
tions are not well tolerated, it may be possible to enhance HR
by transient depletion or inhibition of its activity.

Each time a new gene is selected for targeting, new ZFNs must
be designed and constructed. We have relied on modular
assembly of ZF domains from publicly available databases (7,
43). This approach has been questioned (44), and it is certainly
true that more elaborate screening and selection of ZF domains
has proved effective (20, 25, 26). One feature of our successful
experiments is that we restricted ourselves to target sequences

Table 3. Effect of lig4 mutation

Donor lig4 Parents, n Yielders, n (%) Mutants, n HR/total, n (%)

4.16 kb � 218 85 (39) 1634 99/889 (11)
4.16 kb � 37 17 (46) 402 111/112 (99)
7.46 kb � 120 32 (27) 1048 57/393 (14)
7.46 kb � 21 7 (33) 227 66/67 (98)

Injection mixes included ryA and ryB mRNAs and the indicated donor DNAs. Entries are as in Table 2.
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composed largely or exclusively of GNN triplets because these
have been most extensively tested. Additional assessments of the
modular design approach are clearly warranted.

For simple targeted mutagenesis in Drosophila, as we achieved
at the coil and pask loci, we recommend transcribing the
corresponding ZFN coding sequences in vitro and injecting the
mRNAs into wild-type embryos. Screening as outlined in Fig. 3
will reveal new mutants when cleavage has been effective. For
gene replacements, we recommend injecting ZFN mRNAs and the
desired donor DNA into lig4 mutant embryos because the fre-
quency of HR is very high and very few NHEJ products are
produced. If ZFN toxicity is suspected based on preliminary
experiments, the use of cleavage domains modified at the dimer
interface to reduce homodimerization can be considered (37, 45).

Materials and Methods
Fly Stocks. Several different stocks were used as recipients for embryo injec-
tions. Canton S and a stock carrying the third chromosome from the w1118 stock
wereusedaswildtypes.The lig4 stockcarriedthe lig4169 mutation(39).Stocksand
crosses to reveal new y and ry mutations were as described (9, 13). Stocks used to
reveal new coil and pask mutations were w;Df(2R)CA53/CyO (FBst0003364) and
Df(2R)or-BR11, cn1bw1sp1/SM6a (FBst0001721), respectively.

Plasmid Constructions. The construction of ZFNs for the y (9) and ry (13) targets
has been described. A standard Entry vector, pENTR-NLS-G-FN, was con-
structed by inserting a 633-bp fragment from the GFP gene in pJH4.52
pie1his11gfp (46) between the NdeI and SpeI sites of pENTR-NLS-ZFN (47) in
place of the ZF coding sequences. New coding sequences for sets of ZFs for the
coil and pask gene targets were synthesized from 4 long oligonucleotides as
described in ref. 7. The amino acid sequences in the vicinity of the specificity-
determining residues are: coilA (GTG GAT CTA target): finger 1, QNSTLTE;
finger 2, TSANLSR; and finger 3, RSDALTR; coilB (GCT GGA GTG): finger 1,
RSDALTR; finger 2, QSGHLQR; and finger 3, QSSDLTR; paskA (CTG GCG GAG):
finger 1, RSDNLAR; finger 2, RSDDLQR; and finger 3, RNDALTE; and paskB
(GAT GTG GCT): finger 1, QSSDLTR; finger 2, RSDALTR; and finger 3, TSGNLVR.
These coding sequences were cloned between the NdeI and SpeI sites of the
pENTR-NLS-G-FN vector in place of the GFP fragment and confirmed by
sequencing. The NLS-ZFN sequences were transferred to the in vitro transcrip-
tion vector pCS2-DEST with a Clonase (Invitrogen) reaction (47). The same
procedure was used to place the ryA, ryB, yA, and yB ZFN coding sequences in
pCS2-DEST.

Extended ry donor DNAs were made from the original 4.16-kb version in the
pBluescript vector pBSrydon4.1 (13). The 5� extended donor was created by
cutting the ApaI–EcoRI fragment from pDM30 and cloning it into pBSrydon4.1
digested with the same enzymes. This adds 2.92 kb of homology to the 5� end
of the gene, creating the 7.1-kb asymmetric donor. To produce the 3� ex-
tended donor, a 3.3-kb PCR fragment was amplified from the ry locus of flies
with the genotype Df(2R)bw-HB132, FrdHB132/SM6a, beginning at the HindIII
site where the pDM30 construct ends. This was inserted by TA cloning into

pGem-T (Promega). The 4.16-kb donor segment was excised as an EcoRI–
HindIII fragment from pBSrydon4.1 and cloned into the pGem construct,
creating the 7.46-kb symmetrical donor. A short, linear donor was produced
by PCR amplification of a symmetrical 500-bp fragment from pBSrydon4.1.

RNA Injections. Plasmid DNAs were purified with a Qiagen maxi-prep kit and
concentrated by ethanol precipitation. Those for in vitro transcription were
digested with NotI and repurified. They were transcribed with the AmpliScribe
SP6 High Yield Transcription Kit (Epicentre) and capped afterward with the
ScriptCap m7G Capping System (Epicentre). Pairs of ZFN RNAs were concen-
trated and mixed at concentrations ranging from 0.25 mg/mL to 1.0 mg/mL
each RNA. Donor DNA was included in these mixes at concentrations from
0.125 mg/mL to 6.0 mg/mL. Best results were ultimately obtained with 0.25
mg/mL each RNA and 0.5–1.0 mg/mL DNA. Embryos were injected (200–300 in
each experiment), collected, and reared by standard methods.

Analysis of Mutations. Mutations at the y and ry loci were recovered and
analyzed as described previously (9, 13). Mutations in the coil gene were
recovered by crossing injected flies to partners heterozygous for a deletion
that includes the entire coil gene [Df(2R)CA53/CyO]. Flies having candidate
chromosomes and the CyO balancer were crossed again to the Df(2R)CA53/
CyO strain. Adults lacking the balancer were analyzed for mutations. DNA was
prepared from individual flies; the coil target was amplified by PCR and
sequenced (47). In other cases DNA from 3 nonsibling flies was mixed and
amplified, then digested with Surveyor nuclease and analyzed by gel electro-
phoresis (36). When mismatches were detected, DNAs from individual flies
were sequenced. Mutations in pask were recovered similarly. Injected adults
were crossed to Df(2R)or-BR11, cn1bw1sp1/SM6a. Progeny of fertile animals
carrying the targeted chromosome over the deficiency were collected, and
DNA was prepared and analyzed as above. Stocks of each mutation were
established.

Immunostaining. Testes and associated organs were removed from well-fed
adult male flies in Grace medium (48) and fixed for 10 min in 4% paraformal-
dehyde in PBS (135 mM NaCl, 2.5 mM KCl, 4.3 mM Na2HPO4, and 1.5 mM
KH2PO4, pH 7.2). All subsequent steps included 0.3% Triton X-100 in the
medium. Tissues were rinsed for several hours in PBS, blocked for 1 h in 10%
horse serum in PBS, and stained overnight with a mixture of antibodies against
dcoilin raised in guinea pig (30) and dLsm11 raised in rabbit (49). Primary sera
were used at a dilution of 1:2,000 in 10% horse serum. Tissues were then
stained overnight with secondary antibodies Alexa Fluor 488 goat anti-guinea
pig and Alexa Fluor 594 goat anti-rabbit (Invitrogen), and the DNA-specific
dye DAPI (4�,6-diamidino-2-phenylindole), each at 1 �g/mL in 10% horse
serum. Tissues were mounted in 50% glycerol plus 1 mg/mL 1,4-diaminoben-
zene on standard microscope slides and observed by confocal microscopy
(Leica SP2). Contrast in the images was adjusted with Photoshop (Adobe
Systems).
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