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A single-chain TALEN architecture for genome
engineering†

Ning Sun‡a and Huimin Zhao*ab

Transcription-activator like effector nucleases (TALENs) are tailor-made DNA endonucleases and serve

as a powerful tool for genome engineering. Site-specific DNA cleavage can be made by the dimerization

of FokI nuclease domains at custom-targeted genomic loci, where a pair of TALENs must be positioned

in close proximity with an appropriate orientation. However, the simultaneous delivery and coordinated

expression of two bulky TALEN monomers (>100 kDa) in cells may be problematic to implement for

certain applications. Here, we report the development of a single-chain TALEN (scTALEN) architecture,

in which two FokI nuclease domains are fused on a single polypeptide. The scTALEN was created by

connecting two FokI nuclease domains with a 95 amino acid polypeptide linker, which was isolated

from a linker library by high-throughput screening. We demonstrated that scTALENs were catalytically

active as monomers in yeast and human cells. The use of this novel scTALEN architecture should reduce

protein payload, simplify design and decrease production cost.

Introduction

Transcription-activator like effector (TALE) nucleases (TALENs)
have been widely used for genome editing or engineering in
various organisms during the last three years.1,2 The genomic
DNA double strand breaks (DSBs) generated by TALENs can be
repaired by homologous recombination or non-homologous end
joining (NHEJ), resulting in desired editing of genomic informa-
tion such as gene deletion, gene insertion and gene correction.3,4

The simple one-repeat-one-nucleotide DNA recognition code of
TALE DNA binding domains provides modular DNA reading,5–10

which enables essentially any genomic region to be targeted. The
long DNA recognition sequences of TALE DNA binding domains
enable TALENs to target the custom-selected loci precisely with
minimal off-target effects or cytotoxicity.11–13 Therefore, TALENs
serve as an ideal platform for genome engineering with various
applications in industry, agriculture and human therapeutics.

The standard TALEN architecture is composed of a TALE
central repeat domain for DNA binding, a truncated N-terminal

segment (NTS), a truncated C-terminal segment (CTS) and a
non-specific DNA cleavage domain from a Type IIS restriction
enzyme FokI (Fig. 1A). Because dimerization of the FokI
nuclease domains is necessary for DNA cleavage activity,14

classic TALEN technology requires two TALENs to bind to two
corresponding DNA target sites flanking an unspecific central
spacer. The optimal spacer length is dependent on the TALE

Fig. 1 Schematic of standard and single-chain TALEN architectures.
(A) Schematic of standard TALEN architecture. NTSs are represented by
pink lines. CTSs are represented by magenta lines. TALEN binding sites are
shown in bold. FokI nuclease domains are shown in orange. The two highly
variable amino acids at positions 12 and 13 of each repeat determine its
DNA recognition specificity (e.g., NI recognizes adenine, HD recognizes
cytosine, NG recognizes thymine, and NN recognizes guanine or adenine).
(B) Schematic of the scTALEN architecture. A polypeptide linker that
connects two FokI nuclease domains is represented by a red line.
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scaffold construction.12,15,16 However, the large size of
TALENs (>100 kDa for each monomer) poses the challenge
of efficiently delivering the corresponding DNA, RNA or pro-
teins of two TALENs simultaneously into cells and coordinat-
ing their expressions. In this study, we aim to overcome such
limitation of TALEN technology by developing a novel single-
chain TALEN (scTALEN) architecture. Different from the
standard TALEN architecture, the scTALENs have two FokI
nuclease domains, which are connected by a polypeptide
linker (Fig. 1B). In this design, the TALE central repeat domain
directs the scTALEN to the target site and the formation of an
intra-molecular FokI quasi-dimer can generate a site-specific
DNA DSB. The new monomeric scTALEN architecture was
generated by inserting a randomized polypeptide linker
library between the two FokI nuclease domains, followed by
high-throughput screening in yeast. We also demonstrated
that the scTALEN architecture was catalytically active in tar-
geting both episomal and chromosomal DNA sequences in

yeast and human cells. The novel scTALEN architecture
reduces the protein payload and production efforts as com-
pared to the standard TALEN architecture and serves as a
template for further improvement of TALEN technology as an
efficient genome engineering tool.

Results
Creation of a scTALEN library

Since FokI dimerization is required for DNA cleavage activity,14 we
set out to construct a novel scTALEN architecture by linking two
FokI DNA cleavage domains with a polypeptide linker (Fig. 1B). In
this design, the TALE central repeat domain directs the scTALEN to
the target site and the formation of an intra-molecular FokI dimer
generates a site-specific DNA DSB. Presumably the length and
amino acid composition of the linker is critical to the formation
of the intra-molecular FokI dimer. Due to limited knowledge in

Fig. 2 High-throughput screening for active scTALENs. (A) Schematic of a recipient expression vector. The peptide linkers with various lengths and
sequences were cloned using the BamHI and XhoI sites. GAL10p, a promoter of GAL10 gene; CEN6, a centromere of yeast chromosome. LEU2 an
auxotrophic marker is used for selection of transformants in yeast. (B) Schematic representation of the high-throughput screening in yeast for isolating
active scTALENs. (C) Sequence information of the peptide linker from the isolated scTALEN. Common flanking polypeptides are shown in red. The
N-terminal Gly-Ser (BamHI site) and C-terminal Gly-Ser-Ser (including XhoI site) are underlined.
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designing a functional linker de novo, we applied a combinatorial
design strategy by screening a polypeptide linker library. The linker
library is composed of various polypeptide linkers ranging from 30
to 120 amino acids with different sequences.17,18 We first con-
structed a linker recipient expression vector with two FokI coding
sequences separated by BamHI and XhoI restriction sites (Fig. 2A).
The library of polypeptide linkers was then cloned into the linker
recipient expression vector to generate the library of scTALENs. The
complexity of the corresponding library is approximately 2 � 105.
Each linker shared two common flanking peptides (Gly-Ser-Gly-Ser-
Gly-Ser) at both N- and C-termini, which provided flexible regions
flanking the linkers in order to minimize disruption of well-ordered
domains or folds. Primers annealed to the flanking Gly-Ser repeat
sequences were used to PCR-amplify the DNA sequences of the
linker library. The additional N-terminal Gly-Ser (BamHI site) and
C-terminal Gly-Ser-Ser (including XhoI site) provided additional
flexibility for cloning by restriction digestion (Fig. 2A and C).

High-throughput screening of catalytically active scTALENs

To isolate catalytically active scTALENs in the library, we developed
a high-throughput screening system in Saccharomyces cerevisiae.

This system employs an enhanced green fluorescent protein
(eGFP)-based single-strand annealing reporter construct that is
integrated into the yeast genome. The corresponding system
couples the catalytic activity of a scTALEN with the eGFP signal,
and thus enables high-throughput screening of active scTALENs
(Fig. S1, ESI†). The expression of scTALEN was induced by
galactose, and eGFP-positive cells were collected by fluorescence-
activated cell sorting (FACS). The sorted cells were pooled together
and plasmids from the pool were isolated. The plasmids obtained
from yeast cells were introduced in E. coli and miniprepped to
increase plasmid quantity and quality. The whole process was
continued in an iterative fashion until the scTALENs with catalytic
activity were enriched and identified (Fig. 2B). After four rounds of
high-throughput screening (Fig. S2, ESI†), we were able to identify
one scTALEN architecture, in which two FokI domains are linked
by a polypeptide with 95 residues (Fig. 2C, Fig. S3 and Table S1,
ESI†). Analysis of the amino acid composition indicated that polar
residues such as Asp, Glu, Asn, Gln and His became less frequent
than that in the original linker library. In contrast, the composition
of non-polar residues such as Ile and Val was increased in the
isolated linker (Fig. S4, ESI†).

Fig. 3 In vivo activity of scTALEN in yeast cells. (A) Schematic of the yeast reporter system. The reporter plasmid contains a divided LacZ gene harboring
a scTALEN target site and an I-CreI target site. The DSB generated by the scTALEN or I-CreI can induce single-strand annealing of the two truncated
b-galactosidase DNA fragments and reconstitute a complete and functional b-galactosidase gene. GAL1p, a promoter of GAL1 gene; ADH1t, a terminator
of ADH1 gene; b-galactos, 50-fragment of the b-galactosidase gene; and actosidase, 30-fragment of the b-galactosidase gene. (B) Time-dependent curve
of the b-galactosidase assay. OD420 is a measure of the amount of ortho-nitrophenol, which is the product of b-galactosidase catalyzed breakdown of
ortho-nitrophenyl-b-galactoside. (C) In vivo activity of DNA endonucleases in yeast cells as measured by b-galactosidase assay. The enzymatic activities
were measured as a function of time (in the linear region) and normalized by total protein concentration determined by the BCA protein assay (OD562).
Error bars indicate standard deviation of at least three independent experiments. *, statistically significant increase of activity as compared to the
corresponding TALEN monomer (P o 0.01).
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To characterize the isolated scTALEN architecture, we
compared its activity with the standard TALEN architecture
and a homing endonuclease I-CreI in a lacZ-based yeast repor-
ter system.16 The reporter plasmid contains a divided lacZ
gene in which a duplicated 100 bp portion of the b-galactosidase
coding region has been created. The two truncated b-galactosidase
DNA fragments are separated by a scTALEN target site and an I-
CreI target site. Once the DSB is introduced, the 100 bp direct
DNA repeats will undergo single strand annealing and thus
reconstitute a complete and functional lacZ gene (Fig. 3A). The
b-galactosidase activities that correlate with the in vivo activity
of the DNA endonucleases were measured as a function of time
(Fig. 3B) and normalized by total protein concentration
(Fig. 3C). Whereas the conventional TALEN had no activity as
a monomer, the scTALEN we isolated exhibited 9% activity as
compared with the TALEN dimer and 16% activity as compared
with I-CreI (Fig. 3C). To eliminate the possibility that the
obtained activity is from the improvement of the expression
vector during library screening, we sub-cloned the gene of
scTALEN into a new expression vector. The recloned scTALEN

expression plasmid showed similar activity as compared with
the original scTALEN expression plasmid, confirming that the
DNA cleavage activity comes from the scTALEN open reading
frame (Fig. 3B and C).

In vivo activities of scTALENs in human cells

To determine whether the novel scTALEN architecture was
catalytically active in human cells, we constructed four scTA-
LENs to target two endogenous genes (ABL1 and ERCC2) of the
human genome (Fig. S5, ESI†), in which scTALEN-Fs were used
to recognize the DNA coding strand and scTALEN-Rs were used
to recognize the DNA non-coding strand (Fig. 1B). The extent of
NHEJ-induced minor insertions and deletions (indels) in
response to the target site cleavage was monitored using the
mismatch-sensitive SURVEYOR nuclease in the human embryo-
nic kidney (HEK) 293 cell line. A direct comparison indicated
that the scTALEN-F and scTALEN-R exhibited 10% and 17%
activities, respectively, as compared to the conventional TALEN
heterodimer in targeting ABL1 sites (Fig. 4A, left panel). In
targeting the ERCC2 site, scTALEN-F and scTALEN-R were 35%

Fig. 4 Characterization of scTALENs in HEK293 cells. (A) In vivo activities of scTALENs in human cells as measured by SURVEYOR nuclease assay. Empty
vector pCMV5 served as a negative control. *, statistically significant increase of activity as compared to the empty vector control (P o 0.01). Histograms
to quantify the gel images were shown in Fig. S6 (ESI†). (B) Western blot analysis for the expression of scTALENs. All the TALEN variants contained a FLAG
tag at the N-terminus. a-Tubulin was used as an internal control. (C) Nuclease-associated cytotoxicity of scTALENs. The columns denote the percentage
of g-H2AX positive cells treated with DNA endonucleases. Empty vector pCMV5 served as a negative control. A reported toxic zinc finger nuclease
(GZF3.ZFN) served as a positive control.19 Error bars indicate standard deviation from the average of three independent experiments. *, statistically
significant increase of toxicity as compared to the corresponding TALEN dimer (P o 0.01). Flow cytometry histograms are shown in Fig. S7 (ESI†).
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and 36% as active as a TALEN heterodimer, respectively
(Fig. 4A, right panel). Western blot analysis indicated that the
scTALENs had the similar protein expression levels as com-
pared with the conventional TALEN architecture (Fig. 4B). To
assess the nuclease-associated toxicity, we monitored the intra-
cellular level of g-H2AX, which is the H2AX histone phosphoryl-
ated on serine 139 in response to a chromosomal DSB.20 Except
for the scTALEN-ERCC2-R, which showed significantly higher
cytotoxicity over the conventional TALEN heterodimer, the
other three scTALENs exhibited similar levels of cytotoxicity
as compared with their corresponding TALEN heterodimers
(Fig. 4C and Fig. S7, ESI†). The higher cytotoxocity of scTALEN-
ERCC2-R might come from the cleavage at off-target sites
because its DNA binding domain has only 14.5 repeats
(Fig. S5, ESI†).

Discussion

Even though TALENs have higher modularity and specificity as
compared with other genome engineering platforms such as
zinc finger nucleases, the bulky size of each TALEN monomer
poses challenges of simultaneous gene delivery and coordi-
nated protein expression for certain applications.4,12 For exam-
ple, delivery of large DNA or RNA molecules in primary cells is
still inefficient and delivery using viral packaging is limited by
the size of the viral payload. In addition, the high-repetitive
TALE sequences are prone to extensive rearrangements if
delivered by lentiviral vectors.21 To simplify vectorization and
reduce production costs and efforts, Beurdeley and coworkers
have developed a compact TALEN (cTALEN) architecture by
replacing the requisite dimeric FokI nuclease domain with the
DNA cleavage domain from the I-TevI homing endonuclease.22

In this design, cTALENs can cleave the targeted DNA sequence
as a monomer. However, unlike the non-specific FokI domain,
the I-TevI DNA cleavage domain is partially specific, as it has its
own DNA recognition sequence. It has been reported that
efficient DNA cleavage by cTALEN is dependent on the con-
sensus sequence CDDHGS (D = A, G or T; H = A, C or T; S = C
or G) outside of the TALE binding site.22 Therefore, the native
DNA recognition specificity of the I-TevI DNA cleavage domain
severely decreases the targetable sequence space of cTALENs.
In this study, we developed a novel scTALEN architecture by
fusing two FokI DNA cleavage domains at the C-terminus of
the TALE DNA binding domain. Because the FokI DNA nucle-
ase domains do not confer DNA recognition specificity, the
target sequence is completely determined by the modular
TALE central repeat units. Therefore, unlike the cTALEN
architecture, scTALENs can be used to target essentially any
DNA sequence.

Single-chain zinc finger nucleases have been constructed by
connecting two FokI nuclease domains with a flexible (Gly-Gly-
Gly-Gly-Ser)n polypeptide linker.23,24 However, such flexible
linkers used in the two studies were not functional for the
construction of scTALEN architecture (Fig. S8, ESI†). A func-
tional polypeptide linker with appropriate length and secondary

structure is critical for the dimerization of the two FokI
domains on the single polypeptide chain. Because the tools
are still lacking for the design of a functional linker de novo,
high-throughput screening was carried out to isolate a func-
tional peptide linker from a library of linkers with various
lengths and sequences. Similar protein engineering strategies
can be applied in generating novel artificial fusion proteins.

The scTALEN architecture we have developed is catalytically
active in vivo as tested in both yeast and human cells. A detailed
structural analysis of the 95 amino acid polypeptide linker will
be of a great value to provide a detailed mechanism of the
formation of the intra-molecular FokI dimer, which can facil-
itate the creation of more active linkers using rational protein
design. The scTALEN architecture we have developed repre-
sents the first example of a single-chain FokI-based TALEN.
Even though the in vivo activities of scTALENs are still modest
as compared with the standard TALEN architecture, our work
on the development of monomeric scTALEN opens up the
possibility of designing specific TALENs without a need for
generating pairs of TALENs, which significantly simplifies
design and construction. Using this architecture as a template,
further protein engineering efforts can be made for the genera-
tion of more efficient genome engineering reagents.

Experimental
Materials

Q5 DNA polymerase, T4 DNA ligase, Antarctic phosphatase,
and restriction endonucleases were purchased from New
England Biolabs (Beverly, MA). The QIAprep Spin Plasmid
Miniprep Kit, the QIAquick Gel Extraction Kit, and the QIA-
quick PCR Purification Kit were obtained from Qiagen (Valen-
cia, CA). Oligonucleotide primers were obtained from
Integrated DNA Technologies (Coralville, IA). All the other
reagents unless specified were obtained from Sigma-Aldrich
(St. Louis, MO).

Yeast eGFP reporter strain

To construct a single-strand annealing eGFP reporter, two
separated eGFP fragments sharing a 100 bp homologous region
were PCR amplified separately, digested with AvrII and XbaI,
respectively, and ligated overnight at 16 1C. The ligation pro-
duct was subsequently digested with a combination of AvrII and
XbaI and the 870 bp non-cut fragment was gel-purified. The
eGFP reporter gene was then cloned into the pRS414 plasmid
(New England Biolabs) between the ADH1 promoter and the
ADH1 terminator. The centromere sequence of the plasmid was
then removed by PmlI digestion and blunt ligation. This
plasmid was then digested with HindIII within the TRP1 gene.
The linearized plasmid was transformed into Saccharomyces
cerevisiae HZ848 (MATa, ade2-1, ade3D22, Dura3, his3-11,15,
trp1-1, leu2-3,112 and can1-100) using the LiAc/SS carrier
DNA/PEG method25 and stably integrated into the chromosome
at the TRP1 site. The yeast reporter strain was obtained by
selection of the transformed yeast cells on plates containing
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synthetic complete medium lacking tryptophan with 2% glucose
at 30 1C. The integration was confirmed by PCR amplification
and DNA sequencing of the targeted genomic region.

Creation of a scTALEN library

The yeast TALEN expression vector with pRS415 backbone was
described previously.16 This vector was digested with HindIII
and SalI to remove the latter part of the FokI coding sequence.
Ligation of this digested vector and a PCR product amplified
by the primers FokI-middle(HindIII)-for, 5 0-gga tac taa agc tta
tag cgg agg-3 0 (HindIII site shown in italics) and SalI-XhoI-
BamHI-FokI-rev, 50-atc cgc gtc gac act gac tga ctg a�c�t �c�g�a �gcc
tac tga ctg tta gga tcc aaa gtt tat ctc gcc gtt-3 0 (XhoI site
underlined and BamHI site shown in italics) and digested
with HindIII and SalI makes plasmid pRS415-GAL10P-N3-C1-
Xa10-BamHI-XhoI. An additional copy of the FokI coding
region was inserted into this vector between the XhoI and SalI
sites to generate the recipient expression vector (Fig. S9, ESI†).

The polypeptide linker library was kindly provided by Dr
David Baker from the University of Washington (Seattle,
WA).17 The sequences encoding the linker library were PCR
amplified by the primers: BamHI-linkerlib-for N, 5 0-act gac gga
tcc ggt agc ggc tca gga-3 0 (BamHI site shown in italics) and
XhoI-linkerlib-revN, 50-act gac ctc gag cc g ctt ccc gac cca ga-3 0

(XhoI site shown in italics). The PCR product has various
lengths and showed a smeared wide band on 2% agarose
gel. All of the PCR products were gel-extracted, digested with
XhoI and BamHI, purified, and inserted into the recipient
expression vector that was digested with the same restriction
enzymes. The ligation products were precipitated with
1-butanol and electroporated into DH5a competent cells to
create the library of scTALENs. The library contains approxi-
mately 2 � 105 transformants.

High-throughput screening

The plasmids were miniprepped from the scTALEN library
and transformed into the reporter yeast strain as described
above using the LiAc/SS carrier DNA/PEG method.25 After
transformation, the yeast cells were recovered at 30 1C with
shaking for 1 h in YPA medium (1% yeast extract, 2% peptone
and 0.01% adenine hemisulphate) with 2% glucose. The cells
were then centrifuged and resuspended in synthetic complete
medium lacking leucine and tryptophan (SC-Leu-Trp) with 2%
raffinose for growing at 30 1C with shaking overnight. TALEN
expression was induced by culturing cells in YPA medium with
2% galactose at 30 1C for 5 h. The cells were then centrifuged
and resuspended in SC-Leu-Trp liquid medium with 2%
glucose at 30 1C with shaking overnight. On the next day,
cells were analyzed on a BD FACS Aria III cell sorting system
(BD Biosciences, San Jose, CA) and 20 000–100 000 eGFP-
positive cells were collected. After growth at 30 1C in SC-Leu-
Trp liquid medium with 2% glucose for 2 days, plasmids from
the eGFP-positive cells were extracted using the Zymoprep
Yeast Plasmid Miniprep II Kit (Zymo Research, Orange, CA).
The plasmids were then electroporated into DH5a competent

cells for amplification. The miniprepped plasmids were then
subjected to the next round of screening.

LacZ reporter assay in yeast

The yeast reporter system based on lacZ gene was described
previously.16 To test the in vivo cleavage activity of scTALENs
in the yeast reporter system, both the pRS414 reporter plasmid
and pRS415 expression plasmid were transformed into S.
cerevisiae HZ848 (MATa, ade2-1, ade3D22, Dura3, his3-11,15,
trp1-1, leu2-3,112 and can1-100). After 3–4 days growth at
30 1C on SC-Leu-Trp plates with 2% glucose, three transfor-
mants were picked to grow in SC-Leu-Trp liquid medium with
2% galactose. After cultivation for 2 days at 30 1C, yeast cells
were harvested by centrifugation and lysed by the Y-PER
yeast protein extraction reagent (Pierce, Rockford, IL). The
b-galactosidase enzyme activity was determined by the
b-galactosidase enzyme system from Promega (Madison, WI)
according to the manufacturer’s instructions. For each sample,
the b-galactosidase activity was measured as a function of time
and normalized by total protein concentration determined
using the BCA protein assay (Pierce, Rockford, IL). Homing
endonuclease I-CreI26 and conventional dimeric TALENs served
as positive controls.

Construction of scTALEN expression plasmids for human cells

The pCMV5 TALEN expression vectors were constructed by
Golden Gate cloning.27 To construct scTALEN expression plas-
mids for human cells, the FokI-linker-FokI coding sequence of
scTALEN was PCR amplified from the pRS415 plasmids by
the primers: EP-FokI-Far-for 50-ttg ttg ccc agt tat ctc gc-30 and
EP-FokI-Far-rev 50-cgt gaa act tcg aac act gtc-30. The PCR
products were then digested with AflII and SalI and inserted
into the AflII/SalI digested pCMV5 TALEN expression plasmids
to make pCMV5 scTALEN expression plasmids by replacing the
FokI genes with the FokI–linker–FokI coding sequences.

SURVEYOR nuclease assay

HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT). HEK293 cells were seeded in 12-well
plates (2 � 105 per well) and transfected after 24 h with 500 ng
of each TALEN expression plasmid or 1 mg of scTALEN
expression plasmids. Cells were transferred to 6-well plates
24 h after transfection and harvested 48 h after transfection.
Genomic DNA was extracted using the Wizard Genomic DNA
Purification Kit (Promega, Madison, WI) according to the
manufacturer’s instructions. DNA fragments containing
TALEN target sites were PCR-amplified from the genomic
DNA using the primers described previously.28 Gel-purified PCR
products were re-annealed slowly and analyzed by SURVEYOR
Mutation Detection Kits (Transgenomic, Omaha, NE) according to
the manufacturer’s instructions. The product was resolved on a 2%
agarose gel stained with GelStar (Lonza, Rockland, ME). The bands
were quantified by the G Box using Gene Tools software (Syngene,
Frederick, MD). The apparent indel percentage of the original cell
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pool was calculated using the following equations as previously
described:29

Fraction cleaved = volume of cleaved bands/(volume of

cleaved bands + volume of uncleaved bands)

% Indels = 100 � (1 � (1 � Fraction cleaved)1/2)

Western blot analysis

HEK293 cells in 12-well plates were harvested 24 h after trans-
fection with TALEN expression plasmids. Cells were collected by
centrifugation, washed with phosphate buffered saline and
resuspended in 40 mL whole cell lysis buffer (1 M Tris-HCl, pH
6.8, 20% sodium dodecyl sulfate, and 0.1 M dithiothreitol).
Proteins were resolved by 4–20% Mini-Protean TGX Precast Gel
(Bio-Rad Laboratories, Hercules, CA), transferred onto a nitro-
cellulose membrane, blocked for 1 h with Tris-buffered saline/
0.05% Tween 20 containing 5% nonfat milk, followed by incuba-
tion with anti-FLAG tag (1 : 500) and anti-a-tubulin (1 : 15 000)
antibodies at 4 1C overnight. After incubation with the anti-
mouse horseradish peroxidase-conjugated secondary antibody
(1 : 15 000; GeneScript, Piscataway, NJ) for 1 h, bands were
visualized using a SuperSignal West Pico Chemiluminescent
Substrate (Pierce, Rockford, IL).

H2AX phosphorylation assay

HEK293 cells were seeded in 12-well plates (2 � 105 per well)
and transfected after 24 h with 500 ng of each TALEN expres-
sion plasmid, 1 mg empty pCMV5 vector as a negative control or
1 mg reported toxic ZFN construct GZF3N (kindly provided by
Dr Toni Cathomen of Hannover Medical School, Hannover,
Germany) as a positive control. After 48 h post transfection,
cells were harvested, fixed, permeabilized, and stained using
the H2AX phosphorylation assay kit (Millipore, Watford, UK)
according to the manufacturer’s protocol. Cells were then
scanned in a flow cytometer to quantitate the number of cells
staining positive for phosphorylated histone H2AX.

Conclusions

In this study, we report the development of a novel TALEN
architecture, named scTALEN. In contrast to the standard
TALEN scaffold, scTALEN is composed of a TALE DNA binding
domain and two copies of FokI nuclease domains, which are
connected by a 95 amino acid polypeptide linker. We isolated
this linker by high-throughput screening from a library of
peptide linkers with various lengths and sequences. The scTA-
LENs are functional in targeting endogenous loci of human
genome. Use of this architecture simplifies vectorization and
reduces protein payload, which serves as an alternative strategy
for genome engineering.
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