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ABSTRACT

The bacterial recombinase RecA forms a nucleic acid-
protein filament on single-stranded (ss) DNA during
the repair of double-strand breaks (DSBs) that effi-
ciently undergoes a homology search and engages
in pairing with the complementary DNA sequence.
We utilized the pairing activity of RecA-DNA filaments
to tether biochemical activities to specific chromo-
somal sites. Different filaments with chimeric RecA
proteins were tested for the ability to induce loss
of heterozygosity at the golden locus in zebrafish
after injection at the one-cell stage. A fusion protein
between RecA containing a nuclear localization signal
(NLS) and the DNA-binding domain of Gal4 (NLS-
RecA-Gal4) displayed the most activity. Our results
demonstrate that complementary ssDNA filaments
as short as 60 nucleotides coated with NLS-RecA-
Gal4 protein are able to cause loss of heterozygosity
in ~3% of the injected embryos. We demonstrate that
lesions in ~9% of the FO zebrafish are transmitted
to subsequent generations as large chromosomal
deletions. Co-injection of linear DNA with the NLS-
RecA-Gal4 DNA filaments promotes the insertion
of the DNA into targeted genomic locations. Our
data support a model whereby NLS-RecA-Gal4 DNA
filaments bind to complementary target sites on chro-
matin and stall DNA replication forks, resulting in a
DNA DSB.

INTRODUCTION

The diverse activities of bacterial RecA make it an attract-
ive protein for use in genome manipulation and gene tar-
geting. RecA is widely known for its recombinase activity
that catalyzes strand exchange during the repair of
double-strand breaks (DSBs) by homologous recombin-
ation (1-3). After a DSB occurs from ionizing radiation
or some other insult, exonucleases chew back the DNA

ends 5'-3', thereby exposing one strand of the DNA (1,4).
The single-stranded (ss) DNA becomes stabilized by
single-strand binding protein (SSB). After binding of
SSB, RecA binds the ssDNA and forms a helical nucleo-
protein filament (referred to as a filament or a presynaptic
filament). During DNA repair, the homology-searching
functions of RecA direct the filament to homologous
DNA and catalyze homologous base pairing and strand
exchange. This results in the formation of a DNA
heteroduplex. Following strand invasion, DNA polymer-
ase elongates the ssDNA, using the homologous DNA as
template to repair the DNA break, and crossover struc-
tures or Holliday junctions are formed. Interestingly,
RecA also shows a motor function that participates in
the migration of the crossover structures (5).

RecA and RecA-like proteins (called RadS1 in non-
bacterial species) have been examined for activity that
stimulates gene targeting and homologous recombination
in a variety of eukaryotic systems. In tobacco cells, expres-
sion of bacterial RecA containing a nuclear localiza-
tion signal (NLS) increases the repair of mitomycin
C-induced DNA damage by homologous recombination
and somatic intrachromosomal recombination from 3- to
10-fold (6). Expression of NLS-RecA in tobacco can
also stimulate sister chromatid exchange 2.4-fold over
wild-type levels (7). In somatic mammalian cells,
overexpression of NLS-RecA stimulates gene targeting
by homologous recombination 10-fold (8). However, in
human cells, overexpression of a human homologue of
RecA, hRADSI, stimulates recombination only 2- to
3-fold over wild-type levels under antibiotic selection (9).
In zebrafish, a mutant form of the enhanced green fluores-
cent protein (EGFP) was corrected at low frequency after
injection of ssDNA-RecA filaments directly into embryos
(10). Rad52, a member of the Rad51 epistasis group, also
promotes single-strand annealing and low level gene dis-
ruption in zebrafish using mutated oligonucleotides (11).
Taken together, these studies indicate that ectopic expres-
sion of RecA or Rad51 alone results in a modest stimula-
tion of homologous recombination, but the frequency is
not high enough to be useful for gene targeting.
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Here, we have taken a different approach and used the
homology-searching activity of bacterial RecA to target
specific chromosomal regions and promote site-specific
mutation in zebrafish. Different RecA chimeric proteins
were generated and used to coat ssDNA complementary
to the golden (gol) locus. After injection of the chimeric
RecA-gol DNA filaments at the one-cell stage, loss of het-
erozygosity (LOH) was monitored at the go/ locus by
examining embryos for loss of pigmentation. A chimeric
RecA protein that is fused at the amino-terminus to a
NLS and at the carboxyl terminus to the Gal4 DNA-
binding/dimerization domain, named NLS-RecA-Gal4,
promotes LOH at the go/ locus. LOH is not observed at
the gol/ locus when NLS-RecA-Gal4-DNA filaments are
injected with DNA that is complementary to other
genes. These results indicate that the homology-searching
activity of RecA can be used to tether different biochem-
ical activities to specific chromosomal sites.

MATERIALS AND METHODS
Zebrafish culture and strains

Zebrafish embryos were raised at 28.5°C for staging (12).
The wild-type WIK and go/’' mutant zebrafish strains
were obtained from Zebrafish International Resource
Center (http://zfin.org).

Cloning, expression and purification of fusion proteins

Native RecA was purchased from Sigma. Different RecA
fusion proteins were cloned for this study (Figure 1A). For
the different fusion proteins, the full-length sequence
encoding bacterial RecA and the yeast Gal4 DNA-
binding domain were amplified with the proofreading
polymerase Pfx50 (Invitrogen) from pBEUI14 RecA (13)
and pGBT9 Gal4 plasmids (Clontech), respectively. For
all proteins produced, the N-terminus of RecA was fused
with a NLS from SV40 Large T Antigen to promote
nuclear targeting (14). The NLS at the 5-terminus of
each fusion protein was added using the following
primer: 5-CATATGCCACCTAAAAAGAAGAGAAA
GGTAGAAGACCCCAAGATGGCTATCGACGAAA
ACAA-3. NLS-RecA was amplified using the 5'-primer
and the following 3'-primer: 5-GATCGCGGCCGCAAA
ATCTTCGTTAGTTTCTG-3'. The primers used to
prepare the 3'-terminal of different forms of RecA fused
to Gal4 were 5-GCGGCCGCCGATACAGTCAACTGT
CTTT-3' for NLSRecAGal4 and 5-CAGCGGAGACCT
TTTGGTTTTG-3' for NLS-RecA-Gal4ADD. The NLS-
RecA sequence was fused to the Gal4 DNA-binding
domain sequence via a unique Nhel restriction enzyme
site using the following oligonucleotides: 5-GCTAGCAA
AATCTTCGTTAGTTTCTG-3' and 5-GCTAGCATGA
AGCTACTGTCTTCTATCG-3'. The purified polymerase
chain reaction (PCR) products were ligated to Ndel and
Notl restriction sites in the pET4la expression vector
(Novagen). This vector contains a sequence coding for an
8xHis-affinity tag after the Notl site at the C-terminus.
Recombinant forms of RecA were expressed in
BL21(DE3)pLysS_Cam™ Escherichia coli. After induction
with 1-2mM isopropyl B-p-1-thiogalactopyranoside, the
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Figure 1. (A) RecA fusion proteins used in this study. (B) Injection of
complementary ssDNA-NLS-RecA-Gal4 filaments leads to LOH at the
gol locus, resulting in mosaic eye pigmentation. Genotype of the embryos
used for injection is shown. (C) An example of LOH at the go/ locus.
Dorsal views of eyes at 3 dpf showing wild-type pigmentation patterns
in a non-injected embryo (upper panel) and mosaic pigmentation patterns
(bottom panel) after injection of complementary ssgo/-NLS-RecA-Gal4
targeting filaments. (D) DNA complementary to either exons4/5 or exon6
of gol was used for making go/ RecA filaments. Go/m1381 (m, mutant;
1381, 1381 bp) and golex6m-60 (ex6, exon 6; m, mutant; 60, 60 bp) DNAs
carry mutations resulting in a stop codon (asterisk). Golex6-60-1(ex6, exon
6; 60, 60 bp) and golex6-60-2 (ex6, exon 6; 60, 60 bp) oligonucleotides do
not have mutations.

cells were cultured at 37°C for 2 h, harvested by centrifu-
gation and lysed using a French press/cell disrupter
(Thermo Electron Corporation). Lysates were centrifuged
at 12000g at 4°C for 20 min, and recombinant proteins in
the supernatant were purified using Ni*"-chelate affinity
chromatography (Qiagen). Proteins were eluted using
Imidazole in a step gradient (from 50 to 500mM of
Imidazole). RecA proteins usually eluted near the 250 uM
step. Protein-rich fractions were examined by 12% SDS—
PAGE and concentrated using a 5 kDa cut-off Centriprep
Amicon system (Millipore). The elution buffer was
exchanged with phosphate buffered saline buffer. The
purified proteins were stored in 50% glycerol at —20°C.

Preparation of RecA filaments

The 60-mer oligonucleotides used for targeting were
ordered  from  Integrated @ DNA  Technologies
(Supplementary Table S1). To produce 60-bp RecA
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filaments that are complementary to the targeted gene,
45-160ng of ssDNA was used per RecA coating
reaction. For production of longer, 200-300bp and
1381 bp filaments (Supplementary Tables SI and S2),
dsDNA was PCR amplified from genomic DNA extracted
from 2 days post fertilization (dpf) zebrafish embryos
(Qiagen). To create the mutant go/ 1381 bp (go/m-1381)
DNA fragment, the primers 5-GACGAAGGGCGACAT
CTGAGTCAGCACCATCATGG-3" and 5-CCATGAT
GGTGCTGACTCAGATGTCGCCCTTCGTC-3"  were
used to replace the endogenous Hgal site with a stop
codon in the middle of the fragment. After column puri-
fication (Qiagen, PCR purification kit), 10-20ng of the
PCR product was diluted in water into 4.0l and was
not exposed to ethidium bromide (EtBr). dsDNA was
denatured by heating to 95°C in a temperature cycler
(Mastercycler epgradient S, Eppendorf) for 12min and
chilled on ice for 2min; 0.8pul of buffer [100 mM
TrisOAc, pH 7.5; 500 mM NaOAc; 10mM DTT, 10 mM
Mg(OAc),], 0.6ul of 16.2mM ATPyS (Sigma) and
100-200ng of RecA, NLS-RecA or NLS-RecA-Gal4
was added to 4.0 pul ssDNA to a final reaction volume of
7.0 ul. Reactions for producing DNA-RecA filaments
were then incubated at 37°C for 30 min. RecA filaments
were placed on ice until injection into the embryo. The
efficiency of coating was determined by mobility shift on
a 2% agarose gel. Following electrophoresis, the gel was
stained with EtBr to visualize the DNA.

Tracking RecA filament activity with a gene trap

The gene trap construct, pDB759 [provided by Stephen
Ekker at the Mayo Clinic, MN, USA (15)], was modified
to follow the effects of injection of RecA filaments in some
experiments. The gene trap was modified to contain an
EGFP reporter gene rather than a RFP reporter gene.
The gene trap contains a carp B-actin splice acceptor (SA)
in front of EGFP that is missing the first AUG, followed
by the zebrafish B-actin 3’-UTR/poly adenylation signal
(pA). Three different reading frames following the SA
were constructed by adding one or two cytosines (C) at
the Xmal site between the slice acceptor and the EGFP
coding sequence (Supplementary Table S3). The forward
primers used to add one or two Cs are 5-GCAACGCCC
GGGCTACCGGAAGGTGTGAGCAAGG-3 and 5-G
CAACGCCCGGGCCTACCGGAAGGTGTGAGCAA
GG-3', and the reverse primer is 5-GCTAGGATCGATT
TCTTACTTGTACAGCTCGTC-3'. The restriction
enzymes Xmal and Clal were used to cut and replace the
original GFP DNA fragment. The SA-EGFP-pA plasmids
with all three frames in equal molar amounts were
linearized with Notl and Ndel and directly purified with
a Qiagen DNA purification column without either electro-
phoresis or exposure to EtBr. The 150 ng (50 ng of each
frame) of the SA-EGFP-pA linear fragments was added
to the 7l coating reaction, and water was added to a
10 ul final volume.

Insertion site analysis

Genomic DNA was extracted from zebrafish embryos at 4
dpf with the Qiagen Genomic DNA isolation kit (Qiagen).

The insertion site of the reporter gene was determined
using a nested PCR approach. The primers used to
amplify from sequences 5’ to gol-270- or gol-300-targeting
sites are Primer | -GTGGGCGGAGTTACAGATCA-3
and Primer II ¥-TGTGATGTTTTCTGGAACTATTGA
ATCTT-3', respectively. The nested PCR-used primers
to amplify out from the EGFP reporter construct were
5-GGCCAGGGCACGGGCAGC-3’ and Primer III
5Y-GAGCATGTGACCATGTGGAGTCAGC-3'. Nested
PCR was performed with an annealing temperature of
56°C for 35 cycles using Go Taq DNA polymerase
(Promega). Similarly, insertion of the EGFP gene trap
into the promininla (promla) gene was tested by amplifi-
cation out from the EGFP reporter construct, using the
same primers as above, and a primer 5 to the targeted
region in the promla gene: Y-TTGCATATCCTGCGAT
GTGA-3". The PCR products were separated by electro-
phoresis through a 1.2% agarose gel. Amplified DNA
bands were cut from the gel, purified using a Qiagen gel
extraction kit and analyzed directly by DNA sequencing
(Supplementary Table S4).

Real-time PCR analysis

The frequency of insertion of the EGFP gene trap into the
gol locus was estimated using real-time PCR. The primer
used to amplify from the go/ gene was 5 to the gol-
270-targeting site: gol-F; 5Y-AAGGGCGACATCGGCG
TCA-3. The primer used to amplify from the EGFP
gene trap was GFP-R, 5-GTCACTTACTTAACCTAG
TCTCAAG-3'. The primers used to amplify a 322-bp
DNA fragment from the floating head (flh) locus, a
single copy gene used as a reference, were flh-F 5-GAA
GAGCTTACGAAACTTATGGAC-3 and fih-R 5-TAC
ACAGCTCCACGACATGTTGT-3". The genomic DNA
samples were those used in the insertion site analyses.
Real-time PCR was performed with an annealing tem-
perature of 58°C for 40-60 cycles using the iQ SYBR
Green Supermix reagent with the MyiQ real-time PCR
detection system (Bio-Rad). The real-time PCR products
were separated by electrophoresis through a 1.5% agarose
gel to confirm their sizes.

Mapping

For molecular mapping of the chromosomal break points,
simple sequence length polymorphism (SSLP) markers
(http://www.ncbi.nlm.nih.gov/unists) on zebrafish linkage
group 18 were identified that were polymorphic between
wild-type or WIK and gol®' zebrafish strains. A sequence
length polymorphism was also observed in intron 8 of the
gol gene, which we named go/in8. This region was amplified
with the following primers: 5-GAGACTCTGGGAATCC
CGG-3 and 5-ATAAGGGGGCGCTGTAGAGC-3'.
To identify new gol alleles, go/-NLS-RecA-Gal4-injected
embryos were raised to adulthood and crossed with go/®!
zebrafish to identify F1 offspring that failed to complement
the gol’' allele. Offspring that failed to complement
were raised to adulthood if possible. Genomic DNA was
isolated from either the F1 larva or fin cli]i)s from F1 adults
that had failed to complement the go/®' allele and their
wild-type siblings as a control.



Imaging

Live and fixed embryos were mounted in 1.5%
methylcellulose and imaged on a Zeiss Axioskop 2 or
Zeiss Discovery V12 microscope. Digital images were
taken with a ProgRes C10plus digital camera.

RESULTS
Design of RecA fusion proteins

It has been previously shown that ssDNA RecA-coated
filaments bind homologous genomic sequences and
promote strand invasion and strand exchange (4). In this
study, we have produced chimeric RecA proteins to test
whether the homology-searching activity of RecA could
be used to tether specific biochemical activities to distinct
chromosomal regions in the zebrafish genome. Our goal
was to create a modified RecA fusion protein that would
stimulate gene disruption at sites homologous to the
ssDNA RecA-coated filaments. The chimeric RecA
proteins used in this study are shown in Figure 1A. To
assay the gene targeting activity of the chimeric RecA
proteins, each protein was tested for its ability to induce
LOH at the golden (gol) locus in the zebrafish genome, as
shown in Figure 1B.

The NLS-RecA-Gal4 fusion protein was originally
designed to tether UAS-containing plasmids to chromo-
somal sites. In the course of testing the ability of NLS-
RecA-Gal4 fusion protein to tether plasmids, we observed
that injection of go/ DNA filaments made with the
NLS-RecA-Gal4 protein alone resulted in LOH at the
gol locus (Figure 1C). Therefore, we decided to investigate
this activity further and test if it could promote targeted
gene disruption. The NLS-RecA-Gal4 fusion protein was
made by addition of the NLS from SV40 Large T Antigen
to the N-terminus of RecA and addition of the DNA-
binding domain of Gal4 at the C-terminus (Figure 1A).
The NLS was added to facilitate nuclear targeting of the
ssDNA-RecA filaments after injection into the zebrafish
embryo. The Gal4 DNA-binding domain can be divided
into two subdomains, a dimerization and a metal-binding/
DNA recognition domain. Our initial studies, presented
below, indicated that the dimerization domain of Gal4
was necessary for the full gene targeting activity of NLS-
RecA-Gal4-coated filaments. For control experiments
we made two proteins, NLS-RecA, which is missing the
entire Gal4 DNA binding domain, and NLS-RecA-
Gal4ADD, which lacks the Gal4 dimerization subdomain,
leaving the metal-binding domain intact (Figure 1A).

The NLS-RecA-Gal4 protein was tested for its ability to
coat ssDNA. An in vitro reaction was assembled with
purified protein, ssDNA and a non-hydrolysable form of
ATP, ATPyS. A 250-nt region from the f7h locus was PCR
amplified and denatured to make complementary single-
stranded DNA (cssDNA). The coating reaction was
analyzed on a standard agarose gel to examine if there
was a mobility shift in the DNA. Commercially available
RecA protein efficiently coated cssDNA, resulting in a
predicted mobility shift of the ssDNA after electrophor-
esis (Supplementary Figure S1). In contrast, incubation
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with an equivalent amount of BSA did not result in a
mobility shift of the DNA (data not shown). Similar to
RecA, the NLS-RecA-Gal4 protein also caused a mobility
shift of the cssDNA, indicating that the NLS-RecA-Gal4
fusion protein retained the ability to bind cssDNA.
However, much of the coated cssDNA failed to migrate
into the agarose gel, suggesting the NLS-RecA-Gal4 fila-
ments form higher order structures, possibly via the
dimerization domain in the Gal4 DNA-binding region.

Injection of cssDNA-NLS-RecA-Gal4 filaments promotes
LOH

To test the ability of the cssDNA-RecA filaments to
promote targeted gene disruption, we used an in vivo assay
that allowed us to visualize LOH in zebrafish embryos at a
pigment gene, gol. We chose to target the gol locus for
several reasons. First, the gol locus is required in a
cell-autonomous manner for pigmentation (16), providing
a direct relationship between phenotype and genotype
and allowing individual cells to be examined for pigment
production. Second, homozygous recessive go/ mutants are
viable but lack dark pigmentation in the retinal epithelial
cells and the melanocytes of the trunk. go/ heterozy-
gotes display normal or wild-type levels of pigmentation
(Figure 1C). LOH in gol heterozygous embryos results in
clear patches in the eye that lack pigmentation (Figure 1C)
(17), which allows for rapid screening of a visible phenotype
in a mutated gene that is not essential for embryogenesis.
Third, the gene corresponding to the go/ mutation, named
slc24a5, is cloned and the genomic region containing the
gol locus is well characterized (18).

Previous studies have shown that ssEGFP DNA-RecA
filaments can correct a mutant form of EGFP in zebrafish
at a low frequency (10). Our initial strategy to target
the gol locus was to test the ability of RecA proteins to
recombine exogenously supplied homologous DNA into
the endogenous gol locus. A 1381-bp piece of DNA com-
plementary to a region spanning from intron 3 to intron 5
of the go/ gene, which contained a mutated (m) exon 4, was
used (called go/m-1381 in Figure 1D). The mutation in exon
4 results in a premature stop codon and was designed
to replace an endogenous Hgal restriction enzyme recogni-
tion site in exon 4 to create a restriction fragment length
polymorphism (RFLP) if it was recombined into the
endogenous gol/ locus (Supplementary Table S1). The
1381-bp DNA was denatured and coated with NLS-
RecA-Gal4 and ATPyS to produce cssgo/m-1381-NLS-
RecA-Gal4 filaments. Following injection, embryos were
examined for LOH at the go/ locus at 3 dpf. At 3 dpf,
2.9% of the injected embryos displayed LOH at the gol
locus as displayed by loss of pigmentation in patches of
the retinal epithelium (Figure 1C and Table 1). As a
control, the NLS-RecA-Gal4 protein was mixed with ds
golm-1381 DNA that was not denatured and injected into
gol®" heterozygous embryos. This condition did not show
detectable levels of LOH at the gol/ locus. These results
indicated that the css go/m-1381-NLS-RecA-Gal4 fila-
ments were able to mutate the wild-type copy of gol.
However, analysis of DNA isolated from embryos contain-
ing mosaic patterns of pigmentation did not show the
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Table 1. Injection of complementary ssDNA-NLS-RecA-Gal4 results in LOH at the go/®' locus

RecA type Filaments Dosage (pg) Total Total living Normal gol eye clones (%)
NLS-RecA-Gal4 css golm-1381 45 292 241 ND 7/241 2.9
NLS-RecA-Gal4 ds golm-1381 45 284 237 ND 0/237 0
NLS-RecA-Gal4 ss golex6m-60 s 80 155 136 ND 0/136 0
NLS-RecA-Gal4 ss golex6bm-60 a 80 258 224 ND 0/224 0
NLS-RecA-Gal4 css golex6m-60 80 278 201 ND 5/201 2.5
No css golex6-60-1 160 74 65 58 0/58 0
No css golex6-60-2 160 227 208 150 0/150 0
No ss golex6-60-1s+ golex6-60-2 a 160 75 68 68 0/68 0
No ss golex6-60-2 s + golex6-60-1 a 160 82 71 70 0/70 0
No css golex6-60-1+ golex6-60-2 160 597 379 342 0/342 0
NLS-RecA-Gal4 css golex6-60-1 160 260 188 144 6/144 4.2
NLS-RecA-Gal4 css golex6-60-2 160 139 135 107 3/107 2.8
NLS-RecA-Gal4 ss golex6-60-1s+ golex6-60-2 a 160 222 197 190 0/190 0
NLS-RecA-Gal4 ss golex6-60-2 s + golex6-60-1 a 160 147 129 129 0/129 0
NLS-RecA-Gal4 css golex6-60-1+ golex6-60-2 160 979 745 591 20/591 34
RecA css golex6-60-1+ golex6-60-2 160 317 233 206 0/206 0
NLS-RecA css golex6-60-1+ golex6-60-2 160 301 253 220 0/220 0
NLS-RecA-Gal4ADD css golex6-60-1+ golex6-60-2 160 396 341 296 3/296 1.0
NLS-RecA-Gal4 css flh-60 160 298 268 255 0/255 0
NLS-RecA-Gal4 css promla-60 160 411 314 300 0/300 0
NLS-RecA-Gal4 css vegfa-60 160 542 337 307 0/307 0
NLS-RecA-Gal4 css 5’ AmC6-golex6-60-2 160 152 109 67 2/67 3.0
NLS-RecA-Gal4 css 3'InvdT-golex6-60-2 160 393 318 236 9/236 3.8
No-injection 471 438 ND 0/438 0

Normal indicates normal development through 4 dpf. Rows in bold are filaments that resulted in LOH or go/ eye clones. ss, single-strand DNA; ds,
double-strand DNA; css, complementary single-strand DNA probe; gol, golden gene; flh, floating head gene; promla, prominin la; vegfa, vascular
endothelial growth factor a gene; ex6, exon6; 60 and 1300 refer to the number of nucleotides; s, sense; a, antisense; m, mutated to create a stop codon;
5 AmC6, 5 Amino modifier C6 block; 3’ InvdT, 3’ Inverted dT block; ND, non-determined.

presence of the modified RFLP (data not shown). This in-
dicates that the LOH observed at the go/ locus was not
induced by homologous DNA replacement.

We next wanted to determine if smaller cssgo/-NLS-
RecA-Gal4 filaments were able to induce LOH at the
gol locus. The 60-bp oligos were designed that are com-
plementary to exon 6, named ssgolex6m-60 sense (s) and
ssgolex6m-60 antisense (a) (Figure 1D and Supplementary
Table S1). The gol oligos were designed to contain stop
codons in the center of the 60-bp sequence to create an
RFLP and mutate the locus if the oligos replaced the en-
dogenous go/ gene by recombination. The RFLP would be
detected as a change from an endogenous Afel to an arti-
ficial HindIII restriction site. When the 60-bp oligos were
coated with NLS-RecA-Gal4 protein, mixed together and
injected into gol’’ heterozygous embryos, LOH was
observed in 2.5% of the injected embryos as seen by
patches of missing pigmentation in the eyes (Figure 1B
and Table 1). However, analysis of DNA isolated
from embryos displaying LOH at the go/ locus following
injection of cssgolex6m-60-NLS-RecA-Gal4 filaments did
not reveal the expected RFLP (data not shown). These
results indicated that cssgol-NLS-RecA-Gal4 filaments
as short at 60bp are able to mutate the targeted gene,
but the mutations are not likely induced by
recombination.

To rule out that the induced LOH observed was a result
of recombination of the cssDNA-NLS-RecA-Gal4 fila-
ments, we tested the ability of css oligos without stop
codons to promote LOH at the gol locus. Two adjacent
pairs of short css gol oligos, named golex6-60-1 and -2,
were designed with wild-type sequences complementary to

exon 6 of the gol gene (Figure 1D and Supplementary
Table S1). Injection of either complementary pair of
golex6-60-1 or -2-NLS-RecA-Gal4 filaments into gol”’
heterozygous embryos resulted in LOH at a frequency
similar to the cssgolex6m-60-NLS-RecA-Gal4 filaments
(Figure 1D and Table 1). This frequency was not
enhanced by co-injection of both cssgolex6-60-1 and -2-
NLS-RecA-Gal4 filaments. In control experiments we
tested whether injection of naked complementary ss
oligos without NLS-RecA-Gal4 protein, in various com-
binations, could drive LOH (Table 1). Patches lacking
pigment were never observed in these experiments, and
demonstrate that the activity of the cssDNA-RecA fila-
ments to promote LOH is dependent upon the NLS-
RecA-Gal4 protein (Table 1). The ability of css-gol
NLS-RecA-Gal4 filaments containing wild-type sequence
to promote LOH provide further support that the mechan-
ism is independent from recombination-induced gene
replacement.

We next tested if both complementary ssDNA-NLS-
RecA-Gal4 filaments were required to induce LOH.
Injection of either sense or antisense ssgolex6m-60-NLS-
RecA-Gal4 filaments alone into gol®' heterozygous
embryos does not induce detectable LOH at the go/
locus (Table 1). Furthermore, when non-paired but
adjacent filaments produced with NLS-RecA-Gal4
(either ssgolex6-60-1 sense with ssgolex6-60-2 antisense
or ssgolex6-60-1 antisense with ssgolex6-60-2 sense) were
injected into gol heterozygous embryos, the LOH was not
detected (Table 1). These results show that complementary
ssDNA NLS-RecA-Gal4 filaments are required for detect-
able induction of LOH at the go/ locus.



Control injections of ss or complementary golex6-60-1
or -2 oligos alone were unable to induce LOH when
injected into gol’' heterozygotes (Table 1), showing a
dependence of the induction of LOH upon the NLS-
RecA-Gal4 protein. Likewise, native RecA or NLS-
RecA filaments produced with css-golex6-60-1 and -2
oligos were unable to produce detectable levels of LOH
at the gol locus (Table 1). To test if the effect of the
NLS-RecA-Gal4 protein was due to the dimerization
domain in the Gal4 domain, the dimerization domain
was removed and the metal-binding domain was left
intact (Figure 1A). Filaments produced with css-
golex6-60-1 and -2 oligos and the dimerization-deleted
form of RecA, called NLS-RecA-GaldADD, were still
able to induce LOH at a somewhat reduced efficiency
(1%) when injected in to gol°' heterozygotes (Table 1).
This result suggested that while the dimerization domain
contributes to the activity of the NLS-RecA-Gal4 protein,
other features in the chimeric RecA protein are also
important.

To test whether 5-phosphate group on the targeting
filament is required to induce LOH, cssgolex6-60-2
oligos were synthesized with a 5-amino modification at
the C6 group (5 AmC6) that blocks the phosphate
group. Previous work has shown that the 5 AmC6 does
not affect the ability of RecA protein to bind to the oligo
and form a filament (19). However, 5 AmC6 does impair
concatemer formation (often called the train effect) by
RecA filaments, which can link up >50 filaments end to
end. We also tested whether the 3’-hydroxyl group was
required to induce LOH by wusing an inverted
deoxythymidine 3’-end modifier (3’ InvdT). This modifica-
tion inhibits DNA polymerase-driven primer extension
from the 3’ end of the filament (20). As shown in
Table 1, both ¥ AmC6 or 3’ InvdT filaments produced
with NLS-RecA-Gal4 retain the activity to induce LOH at
the gol locus, indicating either 5'-phosphate group or the
free 3’-hydroxyl group of DNA filaments is not required
to induce LOH activity.

Finally, to determine whether the LOH observed at the
gol locus is dependent upon the complementary sequence
of the oligo in the css-NLS-RecA-Gal4 filaments to the go/
locus, 60-bp css oligos were designed complementary to
the fih (21), promla (22) and vascular endothelial growth
factor a (vegfa) (23) genes (Supplementary Table S1).
The oligos were coated with NLS-RecA-Gal4 protein to
produce filaments css flh-60, css promla-60 and css
vegfa-60 and injected into 298, 411 and 542 embryos, re-
spectively, which were heterozygous for the gol®!
mutation. LOH was not detected at the go/ locus in the
862 embryos examined (Table 1), indicating a requirement
for complementarity of the filaments to their target. These
results suggest that the complementary sequences within
the filament direct the specific targeting of LOH at the
gol locus.

Site-specific insertion of a reporter gene by
cssDNA-NLS-RecA-Gal4 filaments

The data presented above indicated that the css-gol-
NLS-RecA-Gal4 filaments are able to promote LOH at
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the gol locus. Our analysis of DNA from the mutated
embryos indicated that the disrupted gol allele was not
caused by gene replacement, resulting in mutation of the
locus. However, LOH could be a result of DNA DSB,
including chromosomal loss, targeted deletions or re-
arrangements of the gol locus. To test whether DSBs
might contribute to the LOH, we co-injected a gene trap
that contains an EGFP reporter gene and the css-gol-
NLS-RecA-Gal4 filaments. We reasoned if the css-gol-
NLS-RecA-Gal4 filaments were promoting site-specific
DSBs at the gol locus, at some frequency we would
observe integration of the gene trap during the repair of
the locus by the non-homologous end-joining (NHEJ)
pathway. The NHEJ repair pathway is the predominant
pathway in the early zebrafish embryo (24-26). The
reporter/gene trap used in this assay is a linear dsDNA
construct that contains a SA from the carp B-actin gene
followed by EGFP coding sequence that lacks the first
AUG (27). These sequences are followed by the zebrafish
B-actin 3’-UTR/PolyA signal (pA). The EGFP gene trap
was placed in all three reading frames following the SA
(Supplementary Table S3). Integration of the EGFP gene
trap in an intron is expected to produce a fluorescent
fusion protein from the targeted gene in one of six
integrations (three reading frames and two possible orien-
tations). The detected fluorescence signal is expected
to correlate with the endogenous expression of the
targeted gene if correct targeting is accomplished. A css-
g0l-270-NLS-RecA-Gal4 filament complementary to
270bp of the gol/ locus spanning exons 4 and 5 was
co-injected with linear dSDNA for all three frames of the
EGFP gene trap into wild-type embryos. Following injec-
tion expression of EGFP was observed in the retinal epi-
thelium of the eye where the go/ gene is normally expressed
in 5.1% of the embryos (Figure 2A and Table 2). Similar
results were obtained with a second filament, css-gol-
300-NLS-RecA-Gal4 that has a sequence complementary
to 300 bp spanning introns 5 to 6 of the gol gene. In three
experiments, expression of EGFP was observed in the eyes
in 8.5% of the embryos (Table 2). For each filament
EGFP expression in regions of the embryo outside the
eye was only observed in a few embryos, suggesting effect-
ive targeting by the NLS-RecA-Gal4 filaments to the go/
locus. The results suggest that filaments produced from
two different regions of the gol gene are able to direct
integration into the go/ locus.

When the flh gene is targeted in a similar manner, ex-
pression of EGFP is observed in the notochord where the
flh gene is normally expressed during embryogenesis (21)
in ~8.5% of the injected embryos (Figure 2B and Table 2).
The promla gene was also targeted and embryos examined
for EGFP expression in the eye and central nervous
system (22). Following injection of css-promla-NLS-
RecA-Gal4 filaments with the EGFP gene trap, retinal
and brain expression of EGFP was observed in 18.8%
of the injected embryos (Figure 2C and Table 2). Taken
together, these observations are consistent with the inte-
gration of the reporter gene construct following repair of a
DSB at the targeted locus.

We examined whether the EGFP gene trap could be
detected in the go/ gene in genomic DNA isolated from
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Figure 2. Expression of an EGFP gene trap is consistent with site-specific integration into the gol/, flh and promla loci. Single-stranded
NLS-RecA-Gal4 filaments complementary to regions of the gol (A), flh (B) and promla (C) genes were co-injected with the EGFP gene trap
cassettes. EGFP expression consistent with targeting gene expression was observed in 5-19% of the injected embryos (Table 2). For the go/ gene,
expression was observed in the retina at 3 dpf (white arrows, A), for the fih gene expression was detected in the notochord at 14 hpf (arrows, B;
arrowheads mark the notochord boundary) and for the promia gene expression was detected in the dorsal diencephalon at 30 hpf (arrows, C).

Table 2. Injection of a gene trap with NLS-RecA-Gal4 filaments
results in EGFP expression that reflects the expression of the
targeted gene

Targeted gene Somatic reporter gene expression

css Total Surviving  Fluorescence
filaments embryos (%)
golden 20l-270 791 649 33 (5.1)
gol-300 207 165 14 (8.5)
floating head fh-250 216 212 18 (8.5)
prominin la promla-200 162 154 29 (18.8)

Numbers associated with the filaments refer to the number of
nucleotides.
“Data were collected from three individual experiments.

embryos following co-injection of either css-gol-270-NLS-
RecA-Gal4 or css-gol-300-NLS-RecA-Gald  filaments.
Because these filaments target different regions in the
same gene, we could test whether insertion of the EGFP
reporter gene clustered around the genomic sequence in
the co-injected filament. Following co-injection of either
filament with the EGFP gene trap, embryos displaying
EGFP fluorescence were selected for DNA isolation and
PCR analysis. To analyze potential junction fragments
between the reporter gene trap and the gol gene, primers
were designed to PCR amplify between the reporter gene
trap (Primer III, Figure 3A) and regions of the gol gene
proximal to the position corresponding to the filaments

(Primer 1 or Primer II, Figure 3A). PCR on genomic
DNA isolated from embryos co-injected with the
reporter gene trap and css-gol-270-NLS-RecA-Gal4
(primer Pairs 1 and III) led to amplification of several
PCR products (Figure 3B, left panel). Similar PCR
results with multiple products were observed after ampli-
fication using primer Pair II and III on DNA isolated
from embryos co-injected with the reporter gene trap
and css-gol-300-NLS-RecA-Gal4 filaments. Sequencing
of these products revealed that they represented junction
fragments between the reporter gene trap and the go/ gene.
Insertion sites were observed both 5 and 3’ to the region
complementary to the css-gol-270-NLS-RecA-Gal4
filament (Figure 3C black triangles, and Supplementary
Table S4). Remarkably, the same junction fragment that
corresponds to the 3’-end of the css-go/-270-NLS-RecA-
Gal4 filament was recovered independently in four differ-
ent embryos, and an additional embryo produced a
junction fragment that differed by only one nucleotide.
Regions 5 to the css-gol-270-NLS-RecA-Gal4 filament
also had common insertion site. Amplification with
primer Pairs I and III was specific to the injection from
the css-gol-270-NLS-RecA-Gal4 filament and did not
amplify products from DNA isolated from css-gol-
300-NLS-RecA-Gal4 filament-injected embryos, with the
exception of one embryo that produced false amplification
products as revealed by sequencing. The same was true for
primer Pairs II and III, which only amplified PCR
products from DNA isolated from embryos co-injected
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Figure 3. Complementary ss go/-NLS-RecA-Gal4 filaments direct site-specific insertion of a gene trap into the gol/ locus. (A) Two regions of the go/
gene corresponding to exons 4 through 5 (go/-270, 270 bp) and exon 6 (gol-300) were amplified, denatured and coated with NLS-RecA-Gal4 protein
to make complementary ss-go/-NLS-RecA-Gal4 filaments. Filaments were injected with the EGFP gene trap that contains a SA followed by EGFP in
three reading frames and a poly adenylation signal (pA). (B) PCR amplification of junction fragments between the EGFP gene trap and the
endogenous go/ locus was observed with DNA isolated from individual embryos. Only primers proximal to the region complementary to the
filament yielded amplification products that could be verified by sequencing (asterisks). (C) Junction fragments allow insertions to be mapped to
the gol locus. The gol-270 filaments (black bar) resulted in insertion of the EGFP gene trap 5 and 3’ to the region complementary to the filaments
(black triangles). In some cases, identical junction fragments were observed from different embryos (triangles marked 4x). The triangle marked 4x
corresponds to the 3’-end of the gol-270 filament. The gol-300 filament (clear bar) also promoted insertion near regions 5 to the complementary

sequence in the gol gene (clear triangles).

with the reporter gene trap and the css-gol-300-NLS-
RecA-Gal4 filaments. Analysis of these PCR products
revealed junction fragments that sit 5’ to the css-gol-
300-NLS-RecA-Gal4 filaments sequence (Figure 3C,
white arrows). While the degree of off-target integration
was not assessed in these experiments, our results indicate
that the NLS-RecA-Gal4 filaments direct integration of
the EGFP reporter gene to regions near the complemen-
tary genomic location of the filament.

We used similar molecular analyses to examine target-
ing of the EGFP reporter to the promla gene. Five
junction fragments between promla and EGFP were
identified from eight embryos co-injected with the EGFP
gene trap and the css-promla-200-NLS-RecA-Gal4
filaments (Supplementary Figure S2 and Table S4). All
insertion sites detected were in a region proximal to the
css-promla-200 filament-targeting site. These data are
consistent with the pattern of EGFP expression that was
observed in promla-targeted embryos. These results
indicate that the targeting mediated by NLS-RecA-Gal4
filaments was not unique to the go/ locus.

To estimate the frequency of targeted integration of the
EGFP gene trap, the junction fragments between the

reporter gene trap and the go/ gene were analyzed further
using real-time PCR. Primers were designed for real-time
PCR to amplify between the EGFP gene trap (primer
GFP-R) and regions proximal to the go/l715 position
(primer gol-F), a position for which we isolated several
integration events from multiple embryos (Figure 3B, left
panel and Supplementary Table S4). A similar size 322 bp
PCR fragment from the fih gene was amplified with primers
fih-F and fIh-R and used as a reference for a single-copy
gene to determine the ratio of the frequency of integration
events to a single copy locus. Cycle of threshold (Cy) values
of 34.9 and 35.2 were observed with the go/-F and GFP-R
primers from two embryos that were co-injected with the
EGFP reporter gene trap and css-go/-270-NLS-RecA-Gal4
filaments (Supplementary Figure S3). The AC, values cor-
responding to 2.5 x 10~*and 1.7 x 10~* per embryonic cell
were determined using the reference (f7#) genomic DNA
amplicon from each embryo and represent the frequency
of a single integration event. The relative frequency of
a non-specific integration in the f/h locus by css-gol-
270-NLS-RecA-Gal4 mediated targeting was tested by
the same real-time PCR conditions except the f/h-F and
GFP-R primers were used for amplification. As expected
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based on the low frequency of ‘off-target’ expression of
the EGFP gene trap, none of the fIh--EGFP amplifications
yielded products near the threshold value within 40 cycles.
Instead, the values were similar to negative control
reactions that lack DNA template (Supplementary
Figure S3A). This indicates that targeted integration of
the EGFP gene trap occurs at least at a 100-fold greater
frequency than random integration. Comparison of the
amplification of go/-EGFP junction fragments to a single-
copy genomic locus suggests that the css-DNA-NLS-
RecA-Gal4 filaments promote site-specific integration in
~1 out of every 10000 cells.

Injection of css-gol-DNA-NLS-RecA-Gal4 filaments
results in mutations that transmit to the next generation

Embryos displaying EGFP expression in the eye after
co-injection of css-gol-DNA-NLS-RecA-Gal4 filaments
with the reporter gene trap into wild-type embryos were
grown to adulthood and screened for transmission of
targeted alleles in the gol gene to the next generation.
The adult FO zebrafish were tested for non-
complementation with the go/®' allele by crossing to
homozygous gol®' fish. Out of 21 FO adults screened,
two FO fish produced offspring that failed to complement
the gol®' allele (Figure 4A and Table 3), which corres-
ponds to 9.5% of the injected FO zebrafish. The germlines
of these two founder fish are mosaic, with 0.7 and 3.7% of
the offspring showing failure to complement the go/®!
allele (Table 3). One of the FO founders was injected

with css-gol-270-NLS-RecA-Gal4 filaments and the other
with c¢ss-gol-300-NLS-RecA-Gal4 filaments (Figure 3).
None of the offspring from either founder displayed fluor-
escence from the EGFP gene trap. This suggested that the
new mutant alleles of go/ were not insertion alleles of the
EGFP gene trap, but could represent deletions or
rearrangements.

Wild-type embryos (WIK) that were injected with
cssgolm-1381-NLS-RecA-Gal4 filaments were also grown
to adulthood and screened for non-complementation with
the go/®! allele. In total, 54 FO zebrafish were screened and
5 zebrafish were identified that produced offspring that
failed to complement the go/®' allele (Table 3). This cor-
responds to a frequency of 9.3% of the injected FO
zebrafish harboring a new mutant allele of gol.

The F1 offspring that failed to complement the go
allele were examined by PCR of sequences surrounding
the complementary filament to identify the molecular
lesion in the new mutated gol alleles. We isolated DNA
for sequence analysis from the F1 offspring of Founders 1,
3, 4 and 5. Sequencing of the amplified products from go/
locus only revealed the presence of sequences from the
gol’! allele (data not shown), suggesting that the newly
recovered alleles in the go/ gene might correspond to de-
letions of the gene. Consistent with this, embryos from FO
founders that failed to complement the go/®' allele often
displayed cardiac edema (Founders 3-5, Table 3) and were
difficult to maintain. Because this is a phenotype not
observed in other alleles of gol, the phenotypic

lbl

Figure 4. Targeted mutations of the go/ locus using go/-NLS-RecA-Gal4 filaments were transmitted through the zebrafish germline. (A and B). A
testcross between a FO zebrafish injected with go/-NLS-RecA-Gal4 filaments and a go/®' homozygote produces offspring that fail to complement the

gol’" allele (B) and siblings with normal pigment (A).

Table 3. Injection of css DNA NLS-RecA-Gal4 filaments results non-complementation of the go/°' mutation in the offspring
Targeting Founder Founder gol progeny Edema gol®! 746013 golin8 79404 78488 721330
Filament (%) D (%) Only 2.0CM 43CM 7.0CM 32.5CM 38.5CM
css gol-270 1/13 (7.7) 1 34/919 (3.7) None Yes Absent Absent Absent Absent Present
css g0l-300 1/8 (12.5) 2 1/139 (0.7) None ND ND ND ND ND ND
css golm-1381 5/54 (9.3) 3 1/126 (0.8) Edema Yes ND ND ND ND ND
4 5/60 (8.3) Edema Yes Absent Absent ND ND Absent
5 4/210 (1.9) Edema Yes ND ND ND ND ND
6 1/79 (1.3) None ND Absent Absent Absent NI Present
7 1/103 (1.0) None ND Absent Absent Absent NI NI

Founder percentage is the percent of FO fish whose offspring failed to complement the go/°' mutation. go/ progeny % is the percent of offspring
displaying the gol phenotype. Edema refers to whether the progeny displayed pericardial edema. go/®' only indicates that only the go/®! allele was
identified by PCR. ND - not determined. NI-—not informative due to a lack of polymorphic loci.



observation suggests additional genetic alterations are
present in the embryos that fail to complement the go/®'
allele.

To determine if the new gol alleles correspond to dele-
tions, we used polymorphic z-markers or PCR-amplified
simple SSLPs to examine the genotypes of the F1 embryos
around the gol locus on chromosome 18. In total, 22
SSLPs or z-markers were tested to identify polymorphic
loci for Founders 1, 4, 6 and 7 for which we could identify
the parental and test cross genotypes. Polymorphic loci
were not identified for Founders 2, 3 and 5. For
Founder 1, we were able to identify polymorphic amplifi-
cation products between the wild-type strain used for
injection experiments and the AB strain that harbors
the go/®! allele using z-markers z46013, 29404, z8488 and
721330 (Figure 5A and Table 3). Marker z46013 is close
to the telomere and the go/ locus, while 29404, z8488 and
721330 are ~7, 32.5 and 38.5 CM away from the telomere,
respectively (http:/zfin.org). Founder 1 produced offspring
from the test cross that lacked the z46013, z9404 and
78488 markers and retained one of the z21330 markers
from the wild-type-injected parent. This suggests the
deletion proximal breakpoint maps between z8488 and
721330 and is 32.5CM to 38.5CM in size. We also
identified a polymorphic marker, called golin8, within
intron 8 of the gol gene that was also lost from the
wild-type background (Figure 5A), further confirming
the deletion of the gol locus in embryos derived from
Founder 1.

For Founders 4 and 6, we were able to identify SSLP
markers z46013, golin8, 79404 and 221330 that displayed
polymorphic amplification products in the wild-type WIK
strain used for injection experiments and the AB
strain that harbors the go/®! allele (Figure 5B and C and
Table 3). DNA from offspring of Founder 4 crossed with
gol®' only amplified the SSLPs associated with the go/®'
parent, suggesting a large deletion >38.5 CM is present on
chromosome 18 (Figure 5B). In contrast, Founder 6
produced offspring from the test cross that lacked the
746013, golin8 and 79404 products from the WIK-
injected parent but retained z21330 (Figure 5C). This
suggests a smaller deletion with a proximal breakpoint
between 7 and 38.5 CM is associated with the mutant go/
allele in this founder. Founder 7 produced offspring that
failed to complement the gol®' allele and lacked the
746013, golin8, 29404 SSLPs associated with Founder 7,
indicating deletion of the go/ locus and at least 7CM of
distal chromosome 18 (Figure 5C). None of the other
SSLPs was informative for Founder 7 (Table 3).
Together, these results suggest that the targeted gene dis-
ruptions recovered at the gol locus were passed to the next
generation and that the disruptions predominantly
comprise large chromosomal deletions.

DISCUSSION

We have demonstrated that complementary ssDNA-NLS-
RecA-Gal4 filaments targeted to the gol locus are able to
induce LOH at this locus after injection into zebrafish
embryos. We show that the NLS-RecA-Gal4 protein is
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able to coat cssDNA (Supplementary Figure S1). When
cssDNA-protein complex is injected into the zebrafish
embryos, the cssDNA-NLS-RecA-Gal4 filaments likely
undergo a homology search to find homologous chromo-
somal DNA, similar to the behavior of native RecA. In
support of this, we did not detect LOH at the gol/ locus
when cssDNA-NLS-RecA-Gal4 filaments complementary
to vegfa, floating head and promla were used (Table 1),
suggesting that the targeted disruption of the go/ locus was
dependent upon the DNA sequence in the css-go/
DNA-NLS-RecA-Gal4 filaments. We propose a model
for this activity where the css-go/ DNA-NLS-RecA-Gal4
filaments target the go/ locus for disruption by creating
arrested replication forks that result in DSBs (Figure 6).
Alternatively, the cssDNA-NLS-RecA-Gal4 filaments
could promote recruitment of components of the DNA
repair pathway and endogenous nucleases to specific
chromosomal sites, resulting in deletions or site-specific
insertion of exogenous DNA.

NLS-RecA-Gal4 protein may form a dimer and stabil-
ize the complex of single-strand sense (ss-s) and anti-
sense (ss-a)-NLS-RecA-Gal4 filaments on the targeted
genomic region through interactions of the Gal4 domain
(Figure 6). This activity requires the Gal4 DNA binding/
dimerization domains in NLS-RecA-Gal4 filaments
(Table 1). RecA proteins that lack the Gal4 domain,
such as native RecA or NLS-RecA, produce go/ filaments
that do not result in detectable levels of LOH at the gol
locus. The dimerization domain of Gal4 is likely partially
required for this activity too, as reduced LOH at the
gol locus was observed after injection of gol/ filaments
produced with the NLS-RecA-Gal4ADD protein
(Table 1). This suggests that the interaction of NLS-
RecA-Gal4 proteins via the dimerization domain may
occur between individual css-go/ DNA-NLS-RecA-Gal4
filaments and is at least partially required for the LOH
activity. The filaments could also invade one another
and form higher order structures on the DNA that
could block a replication fork. This possibility would
explain the ability of complementary filaments made
with the NLS-RecA-Gal4ADD protein to still promote
LOH, albeit at a reduced frequency compared to filaments
with the NLS-RecA-Gal4 protein. Alternatively, the
Gal4 domain could create a dominant negative form of
RecA that is able to stabilize the interaction of comple-
mentary filaments. Moreover, interaction between com-
plementary filaments may also be required for detectable
LOH at the gol locus because injection of either the sense
or antisense filaments alone has no detectable effect. The
interaction of the complementary NLS-RecA-Gal4 fila-
ments could occur following the formation of D-loop
structures on both strands of DNA (Figure 6). Once the
chromosomal target is located by homologous pairing,
the cssDINA-NLS-RecA-Gal4 filaments initiate DNA
strand invasion. We suggest that during the stand
invasion and strand exchange steps, the ssDNA filament
will invade and unwind its homologous ds genomic DNA,
resulting in the formation of D-loop structures. This could
allow the complementary filaments to directly interact
with one another via the Gal4 domain in
NLS-RecA-Gal4 protein.
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Figure 5. Mapping of new go/ alleles from Founders 1, 4, 6 and 7 with z-markers reveals deletions at the go/ locus. Founders were crossed with go/°!
homozygotes and DNA isolated from offspring displaying the go/®' phenotype and from siblings (sib) with wild-type pigmentation. Parental lines (PO
and gol’") or the wild-type strain used for injection (WIK) is shown for comparison. DNA was amplified with primer pairs to identify SSLPs that
were polymorphic. (A) Offspring from Founder 1 that fail to complement the go/°' mutation have one allele for markers SSLPs z46013, go/in8, 29404
and z8488, but are heterozygous for marker z21330. This indicates a deletion of 32.5-38.5CM, with a proximal breakpoint boundary that maps
between z8488 and z21330. (B) In offspring from Founder 4 the only SSLP alleles present were from the gol®' parent, indicating the deletion is
>38.5CM. (C) In the offspring from Founder 6 that failed to complement the go/®' mutation, a single allele was present for marker z9404 but
heterozygous for marker z21330, indicating a deletion of at least 7CM. (D) Founder 7 produced offspring with a deletion that contained only marker

79404, indicating a deletion of at least 7CM.
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Figure 6. A model for gene targeting using complementary ss
DNA-NLS-RecA-Gal4. Both sense and antisense single-strand (ss-s
and ss-a)-NLS-RecA-Gal4 filaments are co-injected into zebrafish
embryos. The RecA homology search activity can guide the filaments
to the targeted region. The cssDNA-NLS-RecA-Gal4 filaments can
undergo homologous pairing and strand invasion. This causes the for-
mation of D-loops that are stabilized by the Gal4 dimerization domains
between the complementary filaments on the target chromosome. This
compact DNA joint molecule is assumed to block replication fork
progression, leading to a DNA DSB.

Because the ssDNA-RecA filament disassembles upon
ATP hydrolysis, we used a non-hydrolytic form of ATP,
ATPyS. We reasoned that, like RecA, ATPyS would make
more stable cssDNA-NLS-RecA-Gal4 filaments. Some
proteins that tightly bind DNA, such as mutated tran-
scriptional machinery, can impede replication fork pro-
gression on chromosomes, causing stalled or collapsed
replication forks (28,29). Arrested replication forks can
increase the stress on the chromosome, causing the forma-
tion of DNA DSB and replication fork collapse (30). We
suggest that the css-go/l DNA-NLS-RecA-Gal4 filaments
create a steric block to DNA replication during the rapid
(15-min) cell cycles during early zebrafish development,
resulting in arrested replication forks.

The detection of targeted chromosomal deletions and
integration of the EGFP gene trap near the go/ locus is
consistent with the ability to create site-specific stalled
replication forks (Figures 2 and 3 and Supplementary
Figure S3). This is different from randomly induced
stalled replication forks from chemical inhibition of repli-
cation (31) or mutant DNA-binding proteins (28).
Arrested replication forks can be processed in repair-
independent and repair-dependent manners. If the replica-
tion fork is not repaired, the free DNA fragment can be
lost, causing a large deletion. This is consistent with our
observations that at least four of the new alleles of go/ that
we recovered are the result of deletions (Figure 4).
Alternatively, the free DNA fragment could also move
to a different genomic region, resulting in a chromosomal
translocation (28). A large deletion or translocation can
cause a deficient haploid allele during meiosis in which the
resulting phenotype can be detected by a complementation
test, similar to our results, or by single-generation haploid
screening (32).
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Arrested replication forks are also a target for nuclease
digestion as part of repair-dependent processing, resulting
in the formation of DNA DSBs (28). For example,
Endonuclease VII from T4 bacteriophage cleaves
arrested replication forks induced from antitumor drugs
that complex with type II topoisomerases (33). In yeast,
branched DNA structures at stalled replication forks are
digested by an endonuclease formed by the association of
Mus81 and Mms4/Emel (34). This kind of DSB creates a
shorter cleft than ones caused by replication fork collapse.
Short DSBs are efficiently repaired by either homologous
recombination or the NHEJ. Because the NHEJ repair
pathway predominates during early zebrafish embryogen-
esis (24), we expect that repair by this pathway would
either be precise or result in small deletions or insertions
(25,26).

Arrested replication forks can be repaired by a variety
of mechanisms that would also be consistent with the ob-
servation that the EGFP gene trap was inserted into the
gol locus proximal to the targeted region (Figure 3).
Stalled replication forks can often trigger cell cycle arrest
and stimulate a DSB repair mechanism by either the hom-
ologous recombination or the NHEJ pathway (35). In
early zebrafish embryos the NHEJ pathway overshadows
the homologous recombination pathway as the predomin-
ant repair pathway (24). This repair pathway could also
ligate the EGFP gene trap into a stalled replication fork
that was cleaved by an endonuclease. During repair of a
DNA DSB, the NHEJ pathway may insert the EGFP gene
trap, resulting in detection of EGFP consistent with the
pattern of expression of the gol/ gene in the pigmented
epithelium of the eye. Our detection of integration of the
EGFP reporter gene proximal to the targeted region with
the css-go/ or DNA-NLS-RecA-Gal4 filaments is consist-
ent with this interpretation (Figures 2 and 3). This mech-
anism appears to be operational at other chromosomal
sites, as targeting the flh and promla loci with
cssDNA-NLS-RecA-Gal4 filaments and the EGFP gene
trap results in EGFP expression that is similar to the
known expression patterns of these loci (Figure 2 and
Supplementary Figure S2).

The directed integration of the EGFP gene trap likely
occurs at a lower frequency than the creation of large de-
letions. For at least four of seven new gol alleles recovered,
we were only able to detect genomic sequences from the
gol’" allele in embryos from the non-complementation
tests, suggesting most of the newly recovered alleles rep-
resent deletions. In addition, for the alleles created using
css-gol DNA-NLS-RecA-Gal4 filaments and the EGFP
gene trap (Founders 1 and 2), EGFP expression was not
detected in the offspring nor was DNA corresponding the
EGFP gene trap found in the go/ locus by PCR (data not
shown). The real-time PCR analysis revealed a single in-
tegration event of EGFP gene trap mediated by css-go/
DNA-NLS-RecA-Gal4 filaments reaches a frequency of
1 in 10000 embryonic cells. Other integration events
could also be present in these embryos that we were
unable to detect with this method. While integration of
the EGFP gene trap could be relatively infrequent
compared to deletion at the gol locus, the targeted inte-
gration events did occur at a greatly increased frequency
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compared to integration at random chromosomal sites.
This is supported by the very low number of injected
embryos with off-target expression of EGFP (Figure 2)
and the estimation of random integration at a specific
locus with real-time PCR (Supplementary Figure S3).
Our data suggest that the co-injected EGFP gene trap
can be used as an indicator of gene targeting by screening
embryos for fluorescent gene expression patterns that are
consistent with the expression pattern of the targeted gene.

The average frequency of recovery of a founder fish
with at least one new go/ allele was 9.3% of the injected
embryos (Table 3). The recovery rate of new alleles could
possibly be higher if a single founder has more than one
new allele; however, this remains to be rigorously tested.
From each founder, on average, 2.5% of the progeny
failed to complement the gol°' allele. Together, these
results correspond to an overall frequency of 1 in 400
(0.093 x 0.025) recovered gametes that fail to complement
the gol°! allele. Interestingly, we did not recover any small
deletions at the go/ locus. This could be due to the rapid
cell divisions that occur during early zebrafish embryogen-
esis that favor repair-independent processing of stalled
replication forks. In the absence of repair, stalled replica-
tion forks are likely to resolve with chromosome breaks in
mitosis. This would lead to the large chromosomal dele-
tions we detected on the go/-targeted chromosomes.

Our results demonstrate that the cssDNA-NLS-
RecA-Gal4 filaments target large DNA deletions to
chromosomes and promote integration of linear DNA
into specific chromosomal regions. The frequency of re-
covering chromosomal deletions suggests this method
could be used to generate a deletion series of zebrafish
chromosomes. Deletions are useful tools for genetic
analyses, for example, to uncover tumor suppressor
genes (36) or to evaluate the null phenotype of loss of
function alleles. The method we developed for genome
modification in zebrafish could also potentially be
applied to other species.
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