Types of mutations you may want to introduce:

e Point mutations
e Deletions
e |NSertions

Technically, cloning an insert into a vector is
equivalent to insertional mutagenesis. Muta-
genesis iIs frequently done using “new cloning
methods”, hence we have to introduce them
before we talk about mutagenesis and in-vitro
evolution.
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e Gibson Assembly
e [In-Fusion
e SLICE (Seamless Ligation Cloning Extract)

e Ligation-Independent Cloning (LIC):
PIPE (Polymerase Incomplete Primer Extension)
SLIC (Sequence and Ligation-Independent Cloning)
OEC (Overlap Extension Cloning)

« T/A cloning

« Recombineering

« Genome Editing:
ZFN (Zinc Finger Nucleases)
TALENSs (Transcription Activator-Like Effector Nucleases)
CRISPR/Cas (Clustered Regularly Interspaced Short Palindromic
Repeat/CRISPR associated)
Engineered/Hybrid Meganucleases
rAAV (recombinant Adeno-Associated Virus)
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all-in-one
tube
reaction
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$ 5'-Exonuclease
‘L Annealing

‘L DNA polymerase
‘L DNA ligase
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20-40 bp overlap 20-40 bp overlap
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Simultaneous assembly of up to 8-10 fragments
Fragments can be short (= annealed oligos without PCR amplification)

Vector can be either PCR-amplified or linarized by restriction enzyme(s)
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Simultaneous assembly of up to 8-10 fragments

Fragments can be short (= annealed oligos without PCR amplification)

Vector can be either PCR-amplified or linarized by restriction enzyme(s)
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All-in-one-tube reaction \

15-bp-overhangs

Proprietary enzyme mixture

Why are multiple versions and iterations
of the kit needed if it is robust?

HD, CE, HD Plus, Advantage...

Lecture 4(Sept 24, 2014) © Michagl Jeltsch
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All-in-one-tube reaction \

15-50-bp-overhangs
Linearized parent vector

Home-made cell-extract of E.coli
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Unpurified insert & vector

PCR incomplete PCR products
= — = 8
Vector template 1 &= =
. S Q\Q@ S S - -
------------- “ M. Treat with
A T4 DNAP
""""""" 3 3 '52,0 (3’-exonuclease)

Purified insert & vector

Insert template T PCR products rec':ir‘r:\t?:ant
o purify = = plasmids
Q3

Anneal to vector
plasmid template

Linear amplification
with Phusion DNAP

PIPE

SLIC

OEC

Figure from Stevenson et al.
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PCR with a non-proofreading DNA polymerase

GTTAGTTGT TAATGAGGATACGGAGATACGGATGCGA AGGATGTCC
GTTTCAAC AATTACTCCTATGCCTCTATGCCTACGC TTCCTACAGC

* No directional cloning possible
* Mostly used as a kit ("TOPO-T/A” from Invitrogen)

* Ligation needed (in the TOPO kit, the ligation is performed by
the covalently bound Vaccinia topoisomerase |)

* If a proofreading polymerase has been used, you can add
A-overhangs by a final incubation with Taq or Dynazyme
(immediate use or phenol/chloroform extraction) or use
“Zero-Blunt TOPQO”

Lecture 4 (Sept 24, 2014) © Michael Jeltsch
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Recombineering = recombination-mediated genetic
engineering

To modify large DNA constructs (Bacterial Artificial
Chromosomes = BACs)

Homologous recombination in (Escherichia coli) mediated
by bacteriophage proteins (Red from A)

Linear DNA (ss or ds) is introduced into RecA-negative
E.coli with 35-40 bp homologies at the ends
(electroporation), Red is induced (by temperature shift)

efficiency below 1%, selection!

2-step process to leave no trace behind: 1. positive
selction, 2. negative selection (SacB — sucrose-
sensitivity, GalKk — )

© Michael Jeltsch
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1. step

N\

SW102 Gal-

cat ori2
2nd Targeting " glycerol + DOG ¥

Figure by Warming S et al. Nucl. Acids Res. 2005:33:e36
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« ZFN (Zinc Finger Nucleases), 2002/2003

« TALENSs (Transcription Activator-Like Effector Nucleases),
2010/2011

« Engineered/Hybrid Meganucleases

« CRISPR/Cas (Clustered Regularly Interspaced Short
Palindromic Repeat/CRISPR associated), 2013

« rAAV (recombinant Adeno-Associated Virus)

All (except rAAV) are based on Double Strand Break (DSB)
repair by honhomologous end joining (NHEJ) or homology-
directed repair (HDR) pathways

Lecture 4 (Sept 24, 2014) © Michael Jeltsch
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e Fusion protein consisting of a sequence-specific
DNA-binding protein (Zinc Finger) with a
cleavage domain of a restriction enzyme
(Nuclease)
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Monhomologous ‘
end joining

.

o — p——

Targeted gene relacement Targeted mutagenesis

Hﬂmu}{Jguus
recombination

Figure by Caroll D: Genetics 2011 188: 773-782

Lecture 4 (Sept 24, 2014) © Michael Jeltsch



http://www.genetics.org/content/188/4/773.full
http://creativecommons.org/licenses/by-nc-sa/4.0/

Hybrid 5 e AGCA

3’ s TCGTC

Meganuclease
~
ZFN
5 s AGCACAGA TA CAGAAAGCTTT s 3’
t] 3’ eoeeesses [CGTGTCTAAGG 2 e 5

Zinc finger domains

5 e AGCACAGATTCCGA
TALEN 3’ e TCGTGTCTAAGK

ﬂ TALE subunits
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active Fokl catalytic subunit heterodimer
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19-20 bp
Target region

CRISPR/Cas Single Plasmid Format

r

Q gRNA1
CUCCGOCCCACCUCOOCC NS m— 5'I

B CCGGAGGCGGEETGRAGGGEEGTCGEGECTCGCGECGTCGCACTGARACT TTTCGTCCAACTTCTIGGGCTGTTCTCGCTTCGE
| < PAM spacing = 76 bp > |
(recommended limits = 30 to 150 bp)
%' GECCTCCGCCCCACCTCCCCCAGCCCCGRGCGCCGCAGCGTGACTT TGAARAGCAGGT TGARGACCCGACARGAGCGAAGCC

G e COUCUGGECUGUUCUCGCUU
gRNA2 ?

Figure by Sigma
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Target gene

Exon 14 Exon 15
Vector arms
homologous to
farget gene

N EY 1 - e

Int/SA-IRES-Neo-pA

Eﬂdhﬂ:;khrered in % QT %
a rAAV viral capsid
— Y

¥
loxP

Recombined target gene

Int’'SA = Splice acceptor

Note: All resistance casseffes ufilise a promoteriess strategy IRES: Internal nbosome entry site
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e linear ssDNA virus

* Non-pathogenic, replication-defective, mild immune response
* Max. cargo of “emptied” genome:

« 4. 7kb

* Infects most (quiescent and proliferating) human cells
(serotype specific!)
* Integrates into the genome (randomly)

* Induces homologous recombination if suitable homology
IS present.

p19 p40 polyA

.fpsb —— = 1@

polyA polyA

I
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« ZFN: expensive, difficult to make, Sigma Aldrich/Merck

« TALEN: cheaper, easier to make (can be home-made)

e CRISPR/Cas: cheap, easy, efficient, universal (shRNA and
SIRNA replacement), multiplexable

« Meganucleases: Very few target sequences, very difficult
to create new target sequences, not modular

e rAAV: Mechanism unclear, cargo limit to ~4.7 kb
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« ZFN: expensive, difficult to make, Sigma Aldrich/Merck

« TALEN: cheaper, easier to make (can be home-made)

1st choice:

CRISPR/Cas: cheap, easy, efficient, universal (shRNA
and siRNA replacement), multiplexable

e« Meganucleases: Very few target sequences, very difficult
to create new target sequences, not modular

 rAAV: Mechanism unclear, cargo limit to ~4.7 kb
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For in-depth information about Gibson Assembly, In-Fusion, SLICE, LIC,
T/A cloning, ZFN, TALEN, CRISPR/Cas and rAAV, see the following pages
or https://jeltsch.org/practical_molecular_biology

For recombineering, there are several good online resources, e.g.:

http://www.biotec.tu-dresden.de/research/stewart/group-page/
recombineering-guide.html

http://redrecombineering.ncifcrf.gov/Home.html

http://ncifrederick.cancer.gov/research/brb/recombineeringinformation.aspx

Lecture 4 (Sept 24, 2014) © Michael Jeltsch
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Contact Michael Jeltsch until end of October
(michael@jeltsch.org) to agree on a project,
create teams/groups and discuss and start
necessary preparations such as getting cDNA,
sequence verification, ordering oligonucleotides

and other materials.
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Gibson Assembly™ — Building a Synthetic Biology Toolset

In the quest to create the first bacterial cell controlled by a synthetic genome, the J. Craig Venter Institute (JCVI), with support from Synthetic

Genomics, Inc. (SGI), developed a variety of powerful new DNA synthesis and assembly methodologies (1-5) to manipulate large, complex DNAs.

These methods include a simple, one-step isothermal in vitro recombination technology capable of joining DNAs ranging from relatively short

oligonucleotides to fragments hundreds of kilobases in length. This approach, commonly referred to as “Gibson Assembly,” is now being used in

laboratories around the world to construct DNA fragments. It has the potential to improve upon traditional cloning methods and opens up a range

of innovative and ultimately very useful real-world applications.

Daniel G. Gibson, Ph.D., Synthetic Genomics, Inc. and
Salvatore Russello, Ph.D., New England Biolabs, Inc.

Introduction:

The use of recombinant DNA technology began
soon after the discovery of DNA ligase and
restriction endonucleases. Soon after, advent of
the polymerase chain reaction (PCR) opened

up new possibilities for amplification of specific
DNA sequences from a complex mixture of
genomic DNA. These technologies have been

a mainstay in the modern scientific laboratory

for several decades and remain useful methods
for cloning potentially valuable or interesting
DNA today. However, as scientists seek to work
with larger DNA fragments, conduct extensive
re-engineering of genetic elements, synthesize
whole genomes and move towards automated ap-
proaches, the technologies required to manipulate
DNA also need to evolve.

Investigators at the J. Craig Venter Institute
(JCVI) have developed a number of in vitro
enzymatic strategies to assemble short oligonu-
cleotides into larger double-stranded DNA con-
structs (1-4). In 2003, JCVI made a significant
advancement in the production of a synthetic
genome by assembling the 5,386 bp genome

of phiX174, a virus that infects bacteria, in just
14 days (5). This approach involved joining
synthetic oligonucleotides by polymerase cycling
assembly, and subsequently amplifying them by
PCR (5-6). The unprecedented speed with which
this was completed laid the foundation for con-
structing larger and more complex genomes.

In 2004, JCVI began synthesizing the Mycoplas-
ma genitalium genome. It was found that overlap-
ping DNA molecules could be efficiently joined
using three enzyme specificities: (i) exonuclease
activity, that chews back the ends of DNA frag-
ments and exposes ssDNA overhangs that can
anneal to their ssDNA complement; (ii) DNA
polymerase activity, that fills gaps in the annealed
products, and (iii) DNA ligase activity, that cova-
lently seals the resulting nicks in the assembly. A

two-step thermocycle-based #n vitro recombina-
tion method utilizing these enzymes was used
to join 101 overlapping DNA cassettes into four
parts of the M. genitalium genome, each between
136 kb and 166 kb in size. This milestone
marked the first assembly of a genome derived
from a free-living organism. At 582,970 bp, this
synthetic genome was the largest chemically de-
fined DNA structure synthesized in a laboratory,
and was 18 times larger than any DNA that had
previously been synthesized (4).

Since then, two additional iz vitro recombination
methods have been developed by JCVI to join
and clone DNA molecules larger than 300 kb in
a single step (2-4). The simplest of these methods
is Gibson Assembly, a one-step isothermal ap-
proach that utilizes the same three enzymatic
activities described previously. This method can
be used to join both ssDNA and dsDNAs.

Figure 1. Overview of Gibson Assembly.

Gibson Assembly has become the most commonly
used of the in vitro assembly methods discussed
above, as it is easy-to-use, flexible and needs
little or no optimization, even for large, complex
assemblies. All that is required is input DNA with
appropriate overlaps, and an appropriate mix of
the three enzymes — the Gibson Assembly Master
Mix. DNA fragments are added to the master mix
and incubated at 50°C for 1 hour; the result-

ing assembly product is a fully sealed dsSDNA
suitable for a range of downstream applications
(Figure 1). JCVI has used Gibson Assembly to
rapidly synthesize the entire 16,520 bp mouse
mitochondrial genome from 600 overlapping
60-base oligonucleotides (3). It was also used in
combination with yeast assembly to synthesize
the 1.1 Mbp Mycoplasma mycoides genome, which
was then activated in a recipient cell to produce
the first synthetic cell (1).

dsDNA fragments with overlapping ends.
A
3
5’ B
5
3 Gibson Assembly
3
5
Add fragments to g
Gibson Assembly i i
Master Mix. ’ 5" Exonuclease chews back 5" ends.
3
< 5 —
3"
‘ DNA fragments anneal.
3" 5]
5 3
’ DNA polymerase extends 3 ends.
Incubate at 50°C
for 1 hour.
’ DNA ligase seals nicks.
A+B
Fully Assembled DNA




Applications of Gibson Assembly:

Cloning. Gibson Assembly eliminates the need to
engineer restriction enzyme cut sites within DNA
when assembling fragments together. DNA mol-
ecules are designed such that neighboring frag-
ments contain a 20-40 bp overlapping sequence. If
the DNA fragments originate from PCR products,
the overlapping sequence is introduced at the

5" ends of the primers used in the amplification
reaction (Figure 2). DNA fragments can also be as-
sembled with restriction enzyme digested or PCR
amplified vector to form circular products suitable
for cloning, or for use in downstream applications,
such as rolling circle amplification (RCA). To
produce these vectors by PCR, each primer needs
to include an overlap with one end of the vector, a
restriction site (e.g., Not I) not present within the
insert or inserts to enable it to be released from the
vector, and an overlap with the ends of the DNA
fragment assembly or insert. JCVI has been using
this approach to combine DNA fragments with
vectors, which are then transformed into E. coli.
One or more fragments have been routinely assem-
bled with general cloning vectors, such as pUC19,
and assembled into NEB’s pTYB1 expression vec-
tor (NEB #N6701). The latter approach was used
to express several methylase genes, which aided
the genome transplantation efforts at JCVI (8).

Assembly of large DNA constructs. Laboratories
worldwide are beginning to explore the use of
synthetic biology approaches in the production of
pharmaceuticals, industrial compounds, antibiot-
ics, cosmetics and alternative energy sources (7).
This often requires the assembly of a genetic
pathway consisting of multiple enzymes and their
associated regulatory elements. Although template
DNA is still required, Gibson Assembly simpli-
fies construction of these types of molecules from
component fragments. A long stretch of desirable
DNA sequence (e.g., a 40 kb genetic pathway) can
be broken down into several overlapping PCR
products (e.g., eight, 5 kb pieces), which can then
be amplified by conventional PCR and combined
using Gibson Assembly. This approach has been
used to move genetic pathways from one organism
to another and to rapidly swap genes, promoters,
terminators and ribosome binding sites. DNAs

up to ~1 Mbp have been assembled 7n vitro using
Gibson Assembly (2).

Assembly of chemically-synthesized oligonucle-
otides into dsSDNA fragments. Gibson Assembly
can also be used to directly assemble oligonucle-
otides into a cloning vector, such as pUC19 (3).

A common problem observed when chemically

synthesizing long stretches of oligonucleotides

is the introduction of errors (9). To ensure that
error-free molecules are obtained at a reasonable
efficiency, a strategy employed by SGI and JCVI
involves the assembly of only eight to twelve
60-base oligonucleotides (with 30 bp overlaps)

at one time. The resulting dsDNA molecules are
sequence-verified and assembled into larger DNA
fragments using the same approach. Because
assembly itself does not generally introduce new
errors, the final assembled product can be retrieved
at high efficiencies. Using this approach, many of
the costly and time consuming steps currently used
to synthesize DNA, including PCR and an error
correction, are eliminated.

Site-directed mutagenesis. Gibson Assembly

can also be used to make rapid changes to DNA
fragments, including substitutions, deletions and
insertions. To use Gibson Assembly for mutagen-
esis, the desired changes are introduced into the
PCR primers, within the overlapping sequences at
assembly points (Figure 3). To modify a DNA se-
quence in this way, two PCR primers are required:
the first contains the desired nucleotide changes,
and the second contains the reverse complement of
the first primer at the overlapping region. Follow-
ing amplification and assembly of the fragments,
the designed changes are incorporated into the
final product. The number of changes that can be
made at once depends on the number of fragments
simultaneously assembled. For example, an eight-
piece assembly, which contains eight assembly
points, provides eight opportunities to introduce
changes in the DNA sequence. Because the meth-
od can be used to assemble large DNA fragments,
mutations can rapidly be made to very large pieces
of DNA. For example, eight modifications can be
introduced into an 80 kb DNA molecule follow-
ing the assembly of eight 10 kb PCR fragments.
This site-directed mutagenesis strategy was used
during synthesis of the M. mycoides genome. The
cassettes comprising the synthetic genome were
ordered based on an imperfect draft sequence,
which resulted in small differences between the

synthetic cassettes and the desired M. mycoides ge-
nome sequence. The sequences of 16 cassettes were
successfully edited using this approach (1).

Combinatorial synthesis of DNA Fragments.

In the near future, chromosomes will be designed
and synthesized for processes ranging from biofuel
production to pharmaceutical manufacture. Bacteria
and plants often carry out syntheses that far exceed
what can be readily achieved by the best organic
chemists. The genes that control desirable pathways
can be chemically synthesized, placed in artificial
chromosomes, and “installed” in suitable host cells,
including bacteria, yeast or plant cells. These multi-
gene pathways can be constructed in a combinato-
rial fashion, such that each member of the library
has a different combination of gene variants. Using
screening and selection methods, cells bearing the
pathway with the desirable trait (highest yield of

a compound, for instance) can be obtained. The
engineered host organism then becomes a biologic
factory used to manufacture the product specified
by the synthetic pathway. Gibson Assembly has
the potential to be used to produce combinatorial
libraries of synthetic or semisynthetic chromosomes
carrying thousands of genes. Figure 4 demon-
strates the combinatorial assembly of cassettes
produced from 60-mer oligonucleotides. Here,
1,024 (2'°) variants of a 1 kb gene, containing 10
single nucleotide changes, are produced from 30
sequence-verified cassettes.

Moving Forward

Synthetic & Minimal Cells. For the past 17

years, the genomes of many organisms have been
sequenced and deposited in databases. It has re-
cently been shown that it is possible to reverse this
process and synthesize bacterial cells from digitized
information (1). In order to realize this vision,
researchers at JCVI needed tools and technologies
to sequence, synthesize and transplant genomes.
Although many hurdles needed to be overcome,
synthetic cells can now be produced in the labora-
tory. As proof of concept, the 1.08 Mbp M. mycoides
JCVI-syn1.0 genome was designed, synthesized

Figure 2. PCR-Generated Vector and Insert Assembly.
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Figure 3. Introducing changes to a desired DNA using Gibson Assembly. biology forward. As the power of DNA sequenc-

1F
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i1 12 i 3

ing increases and sequencing costs decrease, DNA
databases will continue to fill with novel genes

2y ) 5F A N and pathways waiting to be identified, optimized
and expressed in a heterologous host organism.
3N /. It is time to better understand how to turn these

PCR l l l

4F Deletion  Insertion DNA sequences into useful applications.

The ability to quickly construct whole genes and
151 o1 Transformation genomes has the potential to accelerate research
in a variety of other fields. This capability may

also make it possible to quickly respond to

H Changed plasmid X
emerging threats, and may allow researchers to

In the example above, five changes were introduced into a DNA plasmid using Gibson Assembly. Each primer contains a change
introduced by PCR. The overlapping PCR fragments with each change at the assembly point are then combined using Gibson Assembly.

(credit: Mikkel Algire, JCVI).

and assembled, starting from the digitized genome
sequence, and transplanted into a Mycoplasma
capricolum recipient cell to create new M. mycoides
cells controlled only by the synthetic chromo-
some. The only DNA present in the cells is the
designed synthetic DNA, including “watermark”
sequences, and other designed gene deletions and
polymorphisms and mutations acquired during the
building process. The new cells have the expected
phenotypic properties and are capable of continu-
ous self-replication (1). The M. mycoides genome

is currently the largest chemically defined DNA
structure that has been synthesized in a laboratory.
It is almost twice as large as the synthetic M. geni-
talium genome reported in 2008, and more than an
order of magnitude larger than any reported DNA
sequence synthesized outside JCVI. What has been
learned in this “proof of concept” experiment can
now be applied to designing and producing new
organisms with useful properties.

Further, researchers at JCVI have already begun
working on their ultimate objective: to synthesize
a minimal cell with only the machinery necessary
for independent life. Now that a living cell can be
produced from a synthetic genome, components of
a synthetic genome can be removed and trans-
planted in an iterative fashion until only the essen-
tial genes are present and the genome is as small
as possible. This will help to better understand the
function of every gene in a cell and what DNA is
required to sustain life in its simplest form. Gibson
Assembly is one of the core technologies that will
be used to achieve these goals.

understand how “life” works. The power of large
scale DNA synthesis will dramatically impact

the way research is done and vastly acceler-

ate the pace of science. The Gibson Assembly
Master Mix provides a new and powerful tool for
Conclusion biotechnology, whose most far-reaching benefits

may not yet even be envisioned.
Gibson Assembly is a simple and robust method y noty

that enables the simultaneous production of many
different combinations of genes and pathways,
accelerating the progress of synthetic biology.
Furthermore, this powerful technology has the po-
tential to help turn DNA sequence into genes and
pathways useful in the production of biofuels, in-
dustrial compounds, pharmaceuticals and vaccines.
The synthesis of genes and pathways, and even
small genomes, has been made easier with Gibson
Assembly, helping to move the field of synthetic
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Figure 4. Combinatorial gene synthesis.
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Ten overlapping 60-mer oligonucleotides are recombined into five cassettes (light blue rectangles). Following sequence verification of these
cassettes, they are recombined (indicated by the X) into the full-length gene in a second stage. Recombination of the cassettes is possible because
40 bp overlaps have been added to the cassettes. Within each cassette, there are between 1 and 4 positions in which 2 nucleotides are acceptable.
At these locations, a variant 60-mer oligonucleotide can also be assembled. This equates to 2-16 different combinations for each cassette. In order
to produce every different combination (2° x 2'x 2! x 2 x 2' = 1,024) of the full-length gene, every different cassette can be pooled and assembled
into a cloning vector to form a circular DNA, cloned into E. coli, and then sequenced.



New Products

Gibson Assembly™ Master Mix

Gibson Assembly was developed by Dr. Daniel Gibson and his colleagues at the J. Craig Venter Institute and
licensed to NEB by Synthetic Genomics, Inc. It allows for the successful assembly of multiple DNA fragments,
regardless of fragment length or end compatibility. It has been rapidly adopted by the synthetic biology community
due to its ease-of-use, flexibility and suitability for large DNA constructs.

Gibson Assembly efficiently joins multiple overlapping DNA fragments in a single-tube isothermal
reaction (1,2). The Gibson Assembly Master Mix includes three different enzymatic activities that
perform in a single buffer (see Figure 1, page 3):

* The exonuclease creates a single-stranded 3" overhang that facilitates the annealing of fragments
that share complementarity at one end.

* The polymerase fills in gaps within each annealed fragment.
* The DNA ligase seals nicks in the assembled DNA.

The end result is a double-stranded, fully-sealed DNA molecule that can serve as template for PCR,
RCA or a variety of other molecular biology applications, including direct transformation. The meth-
od has been successfully used by Gibson’s group and others to assemble oligonucleotides, DNA with
varied overlaps (15-80 bp) and fragments hundreds of kilobases long (1-3).

In contrast to other methods, Gibson Assembly is suitable for a wide range of different types of
assemblies, including large numbers of DNA fragments. The figure below shows that Gibson
Assembly outperforms other methods for assembly of six fragments.

Assembly of DNA fragments using methods from
three different suppliers.
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NEB Supplier A Supplier B Master Mix outperforms other suppliers for larger
numbers of fragments.
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DNA can be used immediately for
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Easily adapted for multiple DNA
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mutagenesis, insertions and deletions
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In-Fusion™ can join any two pieces of DNA that have a 15-bp overlap at their ends. The
result is equivalent to a recombination event at the ends of the DNAs. The 15-bp overlap may
be engineered by inclusion in primers used to PCR amplify a segment of DNA. Originally
described for inserting one piece of DNA into a restriction enzyme-digested plasmid, we
have found In-Fusion can join four or more pieces of DNA in a single reaction. We used this
insight to construct seamless fusion proteins, modular vectors with readily interchangeable
segments, and novel mutagenesis strategies. Replacement In-Fusion can be used to delete
any desired DNA segment in a plasmid and replace it with any desired new DNA segment

without limitations on position or size.

INTRODUCTION

DNA constructs are typically joined
by ligation at restriction enzyme sites
and construct options are limited
by the available unique sites in the
vector and gene. In contrast, an In-
Fusion™ enzyme reaction can join
any two pieces of DNA that have 15
bp of identity at their ends. The 15-bp
overlap may be engineered by inclusion
in primers used to PCR amplify a
segment of DNA. The pieces of DNA
may be generated by PCR and have
blunt ends or by restriction digest of
plasmid DNA and have sticky or blunt
ends depending on the enzyme used.
The In-Fusion mechanism is ligation-
independent and while proprietary,
likely uses the unique properties of the
3’-5" exonuclease activity of poxvirus
DNA polymerase (1-3). When
incubated with linear duplex DNAs
with homologous ends in the presence
of Mg?+ and low concentrations of
dNTP, the 3’-5" proofreading activity
of poxvirus DNA polymerase progres-
sively removes nucleotides from the
3’ end. This exposes complementary
regions on substrate DNAs that can
then spontaneously anneal through base
pairing, resulting in joined molecules
containing a hybrid region flanked by
nicks, 1-5 nucleotide gaps, or short
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overhangs (Figure 1A). The annealed
structures are metastable because the
poxvirus DNA polymerase has a lower
affinity for nicked or gapped DNA ends
than for duplex ends. Introduction into
Escherichia coli repairs any single-
stranded gaps. Thus, one copy of the
overlap is present in the final DNA
product, and the result is equivalent
to a recombination event at the ends
of the DNAs. Originally described
for inserting one piece of DNA into a
restriction enzyme-digested plasmid,
we have found that In-Fusion can join
four or more pieces of DNA. We used
this insight to develop seamless fusion
proteins, modular vectors, and novel
mutagenesis strategies.

MATERIALS AND METHODS

Design of a construct. The
desired pieces of a DNA construct are
assembled in a DNA manipulation
program such as Sequencher™ (Gene
Codes, Ann Arbor, MI, USA). For
example, as shown in Figure 1B, DNA
segments encoding the interleukin-2
(IL-2) signal sequence (4,5), the extra-
cellular domain of CD101 minus its
endogenous signal sequence (6), and
the fragment crystallizable (Fc) domain
of murine immunoglobulin G3 (IgG3)

(7) are assembled with a mammalian
expression vector.

Design of overlap primers. Sense
and antisense PCR primers are designed,
which contain a 15-bp overlap with
the adjacent segment of the construct
and 20-30 bp of segment-specific
sequence. The junction between two
pieces of DNA can be made seamless
by including no additional DNA
sequence. Alternatively, short pieces
of DNA such as restriction sites, trans-
lation initiation sites, linkers, or epitope
tags can be added by inclusion in the
primer sequences. Table 1 and Table
3 give the primers for the constructs
in Figure 1B and Figure 3, A and B.
Vector segments can be generated by
restriction enzyme digest of a plasmid
or by PCR. Where a primer is designed
to overlap a restriction-digested DNA
fragment, the 15-bp overlap is counted
from the cleavage site on the antisense
DNA strand as described in the
Clontech In-Fusion user manual. Most
primers are 35-55 bp, and we find
quality control by mass spectroscopy
to provide sufficient purity (Midland
Certified, Midland, TX, USA).

Generation of DNA segments. The
DNA segments were PCR amplified
from appropriate templates with
overlap primers (designed as described
in the section entitled Design of overlap
primers) and PfuUltra® 11 Fusion
Hot Start polymerase (Stratagene, La
Jolla, CA, USA), gel-purified, and
quantitated. The use of a high-fidelity
polymerase reduces errors, but Tag
polymerase PCR products will also
work.

In-Fusion reaction. Twenty-five to
one hundred nanograms of restriction
enzyme-digested, gel-purified vector
were mixed at a molar ratio of 1
vector to 2 of each DNA segment
in a total of 10 UL water in one tube
of In-Fusion Dry-Down reaction mix
(Clontech, Mountain View, CA, USA).
The reaction was incubated at 42°C
for 30 min, transferred to ice, and 40
UL Tris EDTA (TE) were added. Four
microliters were transformed into
One Shot® TOP10 competent E. coli
(1 x 109 cfu/ug; Invitrogen, Carlsbad,
CA, USA), miniprepped, and charac-
terized by restriction enzyme digest
and sequencing.
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RESULTS AND DISCUSSION

DNA constructs often include
undesired amino acids encoded by
restriction sites engineered to provide
a joining point, or seam at which two
DNAs can be ligated. This is particu-
larly undesirable for fusion proteins
or recombinant antibodies, since the
undesired amino acids may perturb
structure, reduce expression, or be
antigenic. We have found that In-Fusion
will join multiple pieces of DNA
together, thereby facilitating the design
of seamless fusion protein constructs
that contain only the desired protein
sequence and are not constrained by
the presence or absence of restriction
enzyme sites. We designed a seamless
CD101-1gG3 fusion protein by joining
in silico four pieces of DNA encoding
a secretory signal, CD101, and IgG3
Fc with an expression vector. No
restriction sites are incorporated
between the fusion protein domains,
and Ncol and Sall sites are present at
the insertion site into the vector. PCR
primers were designed to amplify each
segment and contain a 15-bp overlap
with the adjacent segment (Table 1). As
shown in Figure 1B, DNAs encoding
(i) three different secretory signal
sequences [IL-2, erythropoietin (EPO),
IgG1) to optimize protein expression;
(i7) the extracellular domain of CD101
minus its endogenous signal sequence;
and (iii) the Fc domain of murine IgG3
were generated by PCR using primers
that contained a 15-bp overlap with
the adjacent segment and 20-30 bp of
segment-specific sequence.

The three DNA segments and gel-
purified expression vector were joined
in an In-Fusion reaction by mixing at
a molar ratio of 1 vector to 2 of each
signal-CD101-Fc DNA segment in one
tube of In-Fusion Dry-Down reaction
mix (Table 2). The reaction was trans-
formed into TOP10 E. coli; 10 colonies
per construct were miniprepped and
characterized by Ncol + Sall restriction
enzyme digest and sequencing (Figure
2). All 10 minipreps of each construct
contained all four pieces of DNA. Of
note, the insert contains two internal
Ncol sites, but since only the vector
and not the inserts need to be digested
with Ncol, internal restriction sites in
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Figure 1. Mechanism of an In-Fusion reaction and its use in constructing a three-piece fusion
protein. (A) In-Fusion reaction mechanism. (B) Seamless construction of an immunoglobulin fusion
protein. Colored regions indicate overlap regions with 15 bp of identity. Arrows indicate PCR prim-
ers. Each segment is generated by PCR with primers that include the overlaps and joined to Ncol-Sall-

digested vector in an In-Fusion reaction.

Table 1. Primers for PCR Amplification of IL-2 Signal, CD101, and Murine IgG3 Segments

Sense (Ncol underlined)

Antisense

IL-2 Signal with Overlaps to Ncol-Digested Vector and CD101, 88-bp PCR Product

5-TTCAAATCCACCATGGATAGAATGCAATTGTTG-3

5-CTGTTACTTCTCTCTGAGAATTCGTAACCAAAGCCAAAGACAAAGCAATCA-3

CD101, 2799-bp PCR Product

Sense

Antisense
5-GGCCGAGGAGCAGATCCTGGAA-3

5-CAGAGAGAAGTAACAGTTCAGAAA-3

Sense

Antisense (Sall underlined)

Murine IgG3 with Overlaps to CD101 and Sall-Digested Vector, 771-bp PCR Product

5-ATCTGCTCCTCGGCCCCTAGAATACCCAAGCCCAGTACC-3’

5-AGTAACGTTAGTCGACTCAGTGTCTTGTAAGACCCGAGGA-3’

Overlaps are colored to match Figure 1B. IL-2, interleukin 2; murine IgG3, murine immunoglobulin G3.

PCR products do not limit the design
of the construct. Sequencing of six
minipreps was sufficient to identify
error-free isolates of the 3.6-kb coding
region containing IL-2 signal-CD101-
Fc, EPO signal-CD101-Fc, and IgG1
signal-CD101-Fc. Of the three unsuc-
cessful isolates, two contained 1- or
2-bp deletions in a junction region, and
one contained two copies of the IgG1
signal sequence. When transiently
transfected into COS cells, the IL-
2 signal-CD101-Fc construct was
expressed well [optical density (OD)
0.09], but the EPO signal-CD101-Fc

(undetectable) and IgGl signal-
CD101-Fc (undetectable) were not thus
identifying the IL-2 signal sequence
as one that could successfully direct
the secretion of this large, difficult to
express, protein.

An Ncol site (CCATGGQG) in a vector
is a universal cloning site for the start of
a coding region, as it includes an ATG
as well as the end of a Kozak consensus
translational start site (GCCACCATG)
(8). Since the 15-bp overlap for In-
Fusion is counted from the restriction
enzyme cut site on the antisense DNA
strand, the 15-bp overlap for an Ncol
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Figure 2. Plasmid minipreps of an In-Fusion reaction. Individual plasmids from the four-piece In-
Fusion reaction illustrated in Figure 1B were digested with Ncol-Sall and separated by electrophoresis
on an agarose gel. Lanes 1-10, IL-2 signal-CD101-murine IgG3 Fc-vector; lanes 11-20, EPO signal-
CD101-murine IgG3-vector; lanes 21-30, murine IgG1 signal-CD101-murine IgG3-vector. All plasmids
had the 11.4-kb vector band and three other bands (there are two internal Ncol sites in CD101), indicat-
ing all pieces of DNA were incorporated into the construct. IL-2, interleukin 2; IgG, immunoglobulin G;

EPO, erythropoietin; Fc, fragment crystallizable.

site is 5°-10 bp of vector-CCATG-3’,
and the next nucleotide in the gene-
specific region of the primer can match
the natural nucleotide in the gene, thus
requiring no change in the natural
coding sequence. An Ncol site will be
recreated if the next nucleotide is a G.
Technically, we see fewer
background colonies if the insertion
site in a plasmid vector is created by
digestion with two restriction enzymes
rather than one. In-Fusion may ineffi-
ciently facilitate the joining of the
homologous ends of a singly digested
vector. Phosphatasing of the vector is
unnecessary and reduces efficiency.
Accurate quantitation and ratios of
vector and DNA segments are critical
for success of multipiece constructs.
Of 17 recent constructs, 28 of 38
minipreps sequenced were error-free
and none required sequencing of more
than 3 isolates to obtain the desired
sequence. Of these 17 constructs,

two-, three-, and four-piece In-Fusion
reactions resulted in an average of 671,
539, and 56 colonies, respectively, on
a plate spread with 0.1 mL of a total
0.3-mL transformation reaction. The
use of highly competent E. coli (1 x 10°
cfu/ug) is recommended for multipiece
In-Fusion reactions as the number of
transformants decreases as the number
of pieces of DNA in the In-Fusion
reaction increases. The size of the DNA
segments appears to be unimportant
and has varied from 83-12,000 bp.
The length of the overlap between
segments should be at least 15 bp, and
slightly longer also works. The overlap
sequence in the primers is not limited
by G/C content or DNA sequence
and may engineer in new restriction
sites, but should avoid long hairpins at
the end.

In-Fusion can be used to facilitate
mutation of DNA via two strategies.
As illustrated in Figure 3A, two unique

Table 2. Four-Piece In-Fusion Reaction of Figure 1B and Figure 2

restriction sites are identified that
flank a desired mutation in a plasmid.
Ideally, these are located 200-400
bp from the desired mutation so PCR
products are >200 bp. The desired
mutation is designed in silico and
sense and antisense primers that incor-
porate the mutation (base pair changes,
deletions, additions) and 20-30 bp of
gene-specific priming sequence are
synthesized. The mutagenic primers
must overlap by 15 bp at their 5" ends.
Primers are also made that have 15
bp of identity flanking the unique
restriction sites and 20-30 bp of gene-
specific priming sequence. The two
DNA segments are PCR amplified and
joined with restriction enzyme-digested
plasmid by In-Fusion, thereby incorpo-
rating the mutation.

As an example, primers for mutation
W45A of human TIM-4 (hTIM-4) (9)
are shown in Table 3. A TIM-4 template
for PCR was made by Xhol digest of
an hTIM-4 ¢cDNA clone in pEF6 and
gel purification of a 1566-bp fragment
containing the cDNA. A 206-bp 5’ PCR
product containing the W45A mutation
was made using the antisense mutant
and 5" sense primers of Table 3. A
509-bp 3’ PCR product containing the
W45A mutation was made using the
sense mutant primer and 3’ antisense
primers of Table 3. The hTIM-4 cDNA
clone in pEF6 was digested with Spel
and BspEIl, the 6375-bp fragment
containing the vector and 3’ end of
hTIM-4 was gel-purified, and 24 ng
was combined with 1.6 ng 206-bp 5’
mutant PCR product and 3.8 ng of 509-
bp 3" mutant PCR product in a 10 uL
In-Fusion reaction (1:2:2 molar ratio).
Of five TIM-4 mutants made in this
fashion, sequencing revealed 3 of 3, 3
of 3,2 0f 3,2 of 3, and 1 of 8 to contain
an error-free sequence.

An alternative strategy (Figure 3B)
for mutagenesis is to use the mutagenic
sense and antisense primers in a PCR
with circular plasmid as template. A
linear PCR product is generated that

Secretory Signal

CD101 Domain

Murine IgG3 Fc Tail Vector

Error-Free/
Sequence (No.)

Total Transformants

IL-2, 88 bp, 1.6 ng
EPO,108 bp, 1.9 ng
Murine IgG1, 84 bp, 1.5 ng

2799 bp, 49.3 ng
2799 bp, 49.3 ng
2799 bp, 49.3 ng

771 bp, 13.6 ng
771 bp, 13.6 ng
771 bp, 13.6 ng

1gG1, immunoglobulin G1; Fc, fragment crystallization; IL-2, interleukin 2; EPO, erythropoietin.

11,365 bp, 100 ng
11,365 bp, 100 ng
11,365 bp, 100 ng

690 1/2
1150 1/2
2130 1/2
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Figure 3. DNA mutagenesis strategies. (A) R1 and R2 indicate unique restriction sites flanking the
desired mutation. Two DNA segments are amplified with the mutation incorporated at the DNA end via
mutagenic primers and re-introduced into R1 + R2 digested plasmid via In-Fusion. (B) The mutagenic
primers are used in PCR with circular plasmid as template to generate a linear molecule that is gel-puri-
fied and re-circularized via In-Fusion. Colored regions indicate overlap regions with 15 bp of identity.

Table 3. Primers for Mutagenesis

Primers for PCR Amplification to Make Human TIM-4 W45A Mutant (for Figure 3A)

206-bp PCR Product

3’ Antisense Primer (BspEl Site Bold)
509-bp PCR product

5’ Sense Primer (Overlap with Vector Underlined, Spel Site Bold)
5-GCTCGGATCCACTAGTCCAGTGTG-3

Antisense Mutant Primer (Mutation Underlined)
5-GAAGCGGATGAGTACAGACAGGGCAAAGTC-3’

Sense Mutant Primer (Mutation Underlined)
5’-TGTACTCATCCGCTTCTCACAACAGCAACAGC-3

5-TGTGGCTTCCTCCGGAAGGGTGCTTGGGGTTA-3

4609-bp PCR Product

Antisense Primer

Primers for PCR Amplification to Make Human IgG1 Hinge C103S Mutant (for Figure 3B)

Sense Mutant Primer (Mutation Underlined)
5-AGTTGAGCCCAAATCTTCCGACAAAACTCACACA-3

5-GATTTGGGCTCAACTTTCTTGTCCACCTTGGTGT-3’

Overlaps are colored to match Figure 3. IgG1, immunoglobulin G1.

can then be recircularized in an In-
Fusion reaction. As an example, 0.1
ng of a supercoiled plasmid containing
human IgG1 cDNA in pCR-Blunt II
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was used as a template in a PCR with
the human IgGl sense mutant and
antisense primers shown in Table 3.
Cycling conditions were one cycle of
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95°C for 2 min; 30 cycles of 95°C for
20's, 59°C for 20 s, and 72°C for 2 min;
and one cycle of 72°C for 3 min. The
4609-bp linear PCR product was gel-
purified, and 25 ng were incubated in
a 10-puL In-Fusion reaction, resulting
in circularization of the plasmid via the
15-bp overlap at the ends. One of three
plasmids sequenced had the desired
sequence. The strategy of Figure 3A
is more labor intensive but requires
re-sequencing of a smaller region of
DNA and is very reliable. The strategy
of Figure 3B may be limited by the
difficulty of PCR amplifying a large
segment of DNA and likely requires re-
sequencing of a larger region; however,
it does not require the identification of
unique restriction sites.

In-Fusion can also be used to
replace any DNA segment in a plasmid
with any desired new DNA segment.
We term this strategy replacement In-
Fusion, and two variations are illus-
trated in Figure 4. In the first strategy
(Figure 4A), two unique restriction
sites are identified that flank the desired
replacement in a plasmid. Ideally, these
are located 200—400 bp from the desired
replacement, so PCR products are >200
bp. Primers are designed to amplify
the two regions between the boundary
of the replacement and each unique
restriction site plus 15-bp overlaps. The
replacement segment is amplified from
an appropriate template using primers
with a 15-bp overlap to the ends of
the plasmid PCR product and 20-30
bp of segment specific sequence. The
two PCR products, the replacement
segment, and plasmid digested with
the two unique restriction enzymes are
joined in an In-Fusion reaction.

An alternative strategy has been
described (10) and is shown in Figure
4B. An antisense primer is designed
at the 5" boundary of the segment of
plasmid to be replaced, and a sense
primer is designed at the 3’ boundary
of the segment of plasmid to be
replaced. Using the circular plasmid
as a template, these primers are used
to PCR amplify the desired region
of the plasmid as a linear molecule
lacking the segment to be replaced. The
replacement segment is amplified from
an appropriate template using primers
with a 15-bp overlap to the ends of the
plasmid PCR product and 20-30 bp of
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Figure 4. Replacement In-Fusion. The segment to be replaced is indicated by hatched lines. Sense and antisense primers are designed at the boundaries of the
DNA segment to be replaced. The 3’ ends of the primers define the point of deletion. The replacement segment, indicated in red, is PCR amplified from an appropri-
ate template using primers with a 15-bp overlap to the ends of the plasmid PCR product and 20-30 bp of replacement segment-specific sequence. Primers are indi-
cated by arrows and are color-matched to their regions of identity. (A) Primers are designed to amplify the regions between the boundaries of the replacement and
unique restriction enzymes sites R1 and R2 plus a 15-bp overlap. The two PCR products, the replacement segment, and plasmid digested with R1 and R2 are joined
in a four piece In-Fusion reaction. (B) Sense and antisense primers at the boundaries of the DNA segment to be replaced are used to PCR amplify the desired region
of the plasmid as a linear molecule lacking the segment to be replaced. The linear plasmid and replacement segment DNAs are joined by an In-Fusion reaction.

segment-specific sequence. The two
DNAs are then joined by an In-Fusion
reaction. No restriction sites are used in
this strategy. Difficulty in PCR ampli-
fying a very large segment of a plasmid
suggests the use of the strategy shown
in Figure 4A.

In-Fusion facilitates the construction
of modular vectors and synthetic genes
(Figure 5). One develops a toolbox
of DNA segments that can be joined
as desired, including fusion protein
partners [Fc, green fluorescent protein
(GFP), etc.], epitope tags, linkers,
promoters, poly(A) sites, selectable
markers, and origins of replication.
A modular vector with the desired
DNA segments can be designed in
silico. Restriction enzymes that do not
cut are identified, and a unique site is
incorporated in silico between each
segment. The toolbox DNAs can be
used as templates for PCR with primers
that include 15-bp overlaps at the
desired junctions. The 15-bp overlaps
may incorporate a different unique
restriction enzyme site in each junction.
Up to four pieces at a time may be
joined by In-Fusion reaction, creating
a modular vector whose individual
components may be readily excised
and replaced.
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Figure 5. Modular vector. Red bars indicate junctions between segments. Different unique restriction
sites (RS) may be engineered into the junctions via the primers used to amplify the segment. Each seg-
ment is amplified with primers that include 15 bp of overlap with the adjacent segment. DNAs are joined
via In-Fusion reaction so no restriction digest is required. Ncol is a useful site as it is a universal acceptor
for a coding region. Mlul is a convenient site for linearization of vector for transfection.
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Artificial genes can be constructed
via PCR with overlapping sets of
primers; however, this method is
difficult for sequences longer than a
few hundred base pairs (11,12). The
construction of larger artificial genes
can be facilitated by PCR amplifying
the gene in 300-bp segments with 15-bp
overlaps at the DNA ends and joining
the pieces and vector via an In-Fusion
reaction.

The use of two-piece In-Fusion
reactions in high-throughput appli-
cations has been described (3,13)
and additional work is needed to test
whether multipiece In-Fusion reactions
are adaptable to high-throughput. In-
Fusion assembly provides a powerful
way to join multiple pieces of DNA and
facilitates the construction of seamless
fusion proteins and modular vectors
with readily interchangeable segments.
Replacement In-Fusion can be used to
replace any DNA segment in a plasmid
with any desired new DNA segment
without limitations to position or size.
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ABSTRACT

We describe a novel cloning method termed
SLICE (Seamless Ligation Cloning Extract) that
utilizes easy to generate bacterial cell extracts to
assemble multiple DNA fragments into recombinant
DNA molecules in a single in vitro recombination
reaction. SLiCE overcomes the sequence limitations
of traditional cloning methods, facilitates seamless
cloning by recombining short end homologies
(>=15bp) with or without flanking heterologous se-
quences and provides an effective strategy for dir-
ectional subcloning of DNA fragments from Bacteria
Artificial Chromosomes (BACs) or other sources.
SLIiCE is highly cost effective as a number of
standard laboratory bacterial strains can serve as
sources for SLiCE extract. In addition, the cloning
efficiencies and capabilities of these strains can
be greatly improved by simple genetic modifica-
tions. As an example, we modified the DH10B
Escherichia coli strain to express an optimized A
prophage Red recombination system. This strain,
termed PPY, facilitates SLICE with very high
efficiencies and demonstrates the versatility of the
method.

INTRODUCTION

The generation of recombinant DNA molecules is an
essential tool in modern molecular biology. The conven-
tional DNA cloning strategies that have been used for
several decades typically involve the use of type II restric-
tion enzymes to generate appropriate DNA fragments, the
modification of DNA ends to generate blunt or sticky ends
and the ligation of the DNA fragments to generate plasmid
or other type DNA vectors (1-3). However, these proced-
ures depend on the presence of appropriate restriction
sites to generate both vector and insert molecules and
often leave unwanted sequences at the junction sites.

In addition, the restriction enzymes and modifying
enzymes required for these manipulations are often expen-
sive making these procedures costly especially in high
throughput settings. To circumvent these limitations, we
developed a new restriction site independent cloning
method that does not leave any unwanted sequences
at the junction sites (seamless) and is based on in vitro
recombination between short regions of homologies
(15-52bp) in bacterial cell extracts termed SLiCE
(Seamless Ligation Cloning Extract). SLiCE allows for
efficient restriction site independent cloning of DNA frag-
ments generated by restriction digestion or PCR amplifi-
cation into linearized vectors. In addition, SLiCE does not
require the use of enzymes for the modification of vector
and insert end sequences (such as Klenow or T4 DNA
polymerase) or ligases. The SLICE method can be used
for virtually any type of cloning approach including the
simple subcloning of PCR or restriction fragments, the
generation of tagged expression vectors, the construction
of more complex vectors such as gene targeting vectors or
the directional subcloning of larger DNA fragments from
more complex vectors such as bacterial artificial chromo-
somes (BACs). In addition, SLiCE allows the assembly of
multiple DNA fragments in one cloning step, which may
make it an ideal method for the assembly of multiple
DNA fragments during gene synthesis applications.

The SLiCE method is based on bacterial extracts that
can be derived from a variety of common RecA~
Escherichia coli laboratory strains such as DH10B and
JM109. These strains can also be further optimized by
simple genetic modifications to improve SLiCE cloning
efficiencies and capabilities making SLiCE highly versa-
tile. For example, we established a DHI10B-derived
strain, termed PPY that was engineered to contain an
optimized A prophage Red recombination system (4—6).
We found that extracts derived from this strain provide
the highest cloning efficiencies thus far and that it can be
used for all cloning approaches that are routinely used in
the laboratory. The SLiCE method overcomes many
problems related to conventional cloning procedures
and provides a highly cost-effective approach for the
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generation of recombinant DNA molecules in a seamless
and restriction site independent manner. In this report, we
describe the SLiCE method, its principal features and
applications.

MATERIALS AND METHODS
Bacteria strains

The following laboratory E. coli strains were used: DH10B
(Invitrogen), JM109 (Promega), BL21(DE3) (Invitrogen),
BLR(DE3) (Novagen) and ER2566(NEB).

The DHI10B derived E. coli strain PPY was constructed
by Suicide Plasmid Based Genome Modification (7) using
plasmid pGT1 (PPY genotype: F~ endAl recAl galE15
galK16 nupG rpsLAlacX74 &80lacZAM1S5  araD139
Alara,leu)7697 mcrA  A(mrr-hsdRMS-mcrBC)  cynX::
[araC pBAD- redae EMT7- redB Tn5-gam] 7).

The competent cells used for transformation of SLICE
generated recombination products were ElectroMAX
DHI0B™ cells and MAX Efficiency® DHI10B™ compe-
tent cells (Invitrogen).

Plasmids

The plasmid pBL was constructed by insertion of a 70-bp
chemically synthesized multiple cloning site into the 2.5-kb
PCR-generated plasmid backbone of pBluescript 11 KS(+)
(Stratagene) and deletion of the LacZa ORF by conven-
tional cloning. The plasmid pBL-DL was constructed by
insertion of a 1-kb PCR fragment from pGEM®-luc
(Promega) into the Notl/Sall sites of pBL by SLiCE.
The suicide plasmid pGT1 was constructed by SLiCE-
mediated insertion of a 830-bp PCR-amplified fragment
spanning the 3’ region of the E. coli DH10B cynX gene
and an araC-pBAD-reda/EM7-redB/TnS-gam expression
cassette isolated from plasmid pBAD24 (8) and lambda
phage DNA (NEB) into the Smal site of plasmid pEL04
(9). pGTI also contains a temperature-sensitive replicon
and a chloramphenicol selection marker.

Preparation of SLiCE extract

Escherichia coli strains were grown at 37°C in 100 ml 2X
YT medium until they reached ODgyy ~ 5.3 (ODgoo
readings were calculated by diluting the sample to
enable photometric measurement in the linear range
between 0.1 and 0.5 ODygyy). PPY was subsequently
incubated for 2h in 2X YT medium containing 0.2%
L-arabinose to express A prophage protein Reda. The
cells were harvested by centrifugation at 5000g for
20 minutes at 4°C. The cells from 96ml of original
culture (wet weight ~0.92g) were washed 1 time with
200ml ddH,O and resuspended in 1.2ml CelLytic™ B
Cell Lysis Reagent (Sigma). The resuspended cells were
incubated at room temperature for 10 minutes to allow
lysis to occur. The cell lysates were centrifuged at
20000g for 2min at room temperature to pellet the insol-
uble material. The resulting supernatants were carefully
removed from the cell debris into a low binding 1.5ml
tube (Protein LoBind Tube 1.5ml, Eppendorf). The cell
extracts were mixed with equal volume of 100% glycerol,
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aliquoted into 40-60ul portions in low binding 0.5ml
tubes (Protein LoBind Tube 0.5ml, Eppendorf), and
stored at —20°C for about 2 months without significant
loss of activity. For long-term storage, the aliquoted cell
extracts were stored at —80°C in 50% glycerol, which can
be thawed on wet ice and refrozen up to 10 times without
significant loss of activity.

SLiCE reaction and transformation

The vectors used for SLiCE were linearized by restriction
digestion or PCR amplification. The cloning inserts were
PCR amplified using primers containing 5-end homo-
logies to the vector or to other inserts for coassembly.
Vector or insert DNAs that were generated by PCR amp-
lification using plasmid DNA as templates were treated
with Dpnl prior to purification to remove residual
plasmid template DNA. The linearized vectors and PCR
inserts were subjected to gel electrophoresis and purified
using the QIAEX II gel extraction kit. For SLiCE cloning
of BAC DNA, the restriction digested BAC DNA was
purified by phenol/chloroform extraction.

The standard SLiCE reaction mix contained the follow-
ing ingredients: 50-200ng linear vector, appropriate
amount of insert DNA in a 1:1 to 10:1 molar ratio of
insert to vector, 1 ul 10X SLiCE buffer (500 mM Tris—HCI
(pH 7.5 at 25°C), 100mM MgCl,, 10mM ATP, 10mM
DTT), 1ul SLIiCE extract and ddH,O to a total volume
of 10 ul. The SLiCE reaction was incubated at 37°C for 1 h
and subsequently 1ul of the SLICE reaction was
electroporated into 20pl ElectroMAX DHIOB™ cells
(Invitrogen) or chemically transformed into 100 ul MAX
Efficiency® DHIOB™ competent cells (Invitrogen) fol-
lowing the manufacturer’s instructions. The transform-
ation efficiencies of ElectroMAX DHIOB™ cells
(Invitrogen) and MAX Efﬁcien(:}/@ DHI0B™ competent
cells (Invitrogen) were ~1x 10'° and 1 x 10° transfor-
mants/pg of pUCI9 DNA, respectively. The transformed
cells were plated on ampicillin/Xgal agar plates or agar
plates containing appropriate antibiotics.

RESULTS
Comparison of E. coli K12 strains for SLiCE

SLiCE is a cloning method that is based on in vitro recom-
bination in bacterial extract. SLiCE is a simple and effi-
cient procedure with the entire process consisting of three
steps (Figure 1a): (i) The preparation of linear vector and
insert fragments containing short end homologies
introduced by PCR with primers having appropriate 5
extension sequences; (ii) the SLiCE in vitro reaction and
(iii) the standard transformation (electroporation or
chemical transformation) of recombination products into
suitable host bacteria. In this article, all bacterial trans-
formations were performed by electroporation using
ElectroMAX DHI0B™ cells (Invitrogen) unless other-
wise noted.

To determine the most efficient bacterial strains for
SLiCE, five standard laboratory E. coli K12 strains were
tested including DH10B, JM109, ER2566, BL21 (DE3)
and BLR (DE3). The main criteria for their selection
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Figure 1. SIiCE cloning. (a) Outline of SLiCE Cloning. (b) Schematic
illustrating seamless SLICE cloning with flanking heterologous se-
quences. (¢) Comparison of SLICE efficiency of E. coli K 12 strains.
(d) BsaAl/Sapl restriction analysis of the recombinants derived from
SLiCE cloning. Plasmid DNAs from 12 independent ampicillin-
resistant blue colonies (lanes 1-12) were digested with BsaAl/Sapl.
The digestion products were separated on a 1% agarose gel and
visualized after ethidium bromide staining. Recombinant plasmids
contain one BsaAl site and one Sapl site yielding diagnostic 2.1- and
0.8-kb restriction fragments.

included their genetic status with regard to the RecA hom-
ologous recombination protein and the presence of restric-
tion systems that could interfere with the stability of
exogenous DNA (Supplementary Table S1).

To determine the suitability of extracts derived from
these strains for SLICE, a simple cloning strategy was
devised. A plasmid vector termed pBL was linearized by
restriction digestion and incubated together with a 500-bp
PCR-amplified LacZa in the different bacterial extracts.
To facilitate recombination, the LacZo fragment con-
tained 42-bp end sequences that were homologous to the
end sequences of pBL. According to the experimental
design positive recombinant clones could be identified by
blue/white selection after transformation and growth of
bacteria on ampicillin/Xgal agar plates.

Nucleic Acids Research, 2012, Vol. 40, No.8 e55

This analysis showed that extracts from the two RecA™
strains DH10B and JM109 yielded the highest cloning
efficiencies, indicating that SLiCE is facilitated by a
RecA independent mechanism (Figure 1c).

Due to the high cloning efficiency, cell extract from the
DHI10B strain was further used for the analysis of SLiCE.
Using the pBL-LacZa cloning strategy described above,
the influence of several parameters on SLiCE cloning ef-
ficiency was tested including the lengths of end
homologies, the vector/insert ratio, the overall DNA con-
centration and the transformation methods. To determine
the effect of end homology length on SLiCE, homologies
ranging from 0 to 100bp (as counted from the 3’-ends
of the vector) were tested (Table 1). This analysis
showed that inserts without end homology or 10-bp end
homology did not yield any recombinant colonies.
In contrast, 15bp of end homology already yielded an
appreciable number of recombinant colonies at a cloning
efficiency of 75 colony forming unit (CFU)/ng of vector,
while 30 bp of end homology provided very robust cloning
efficiencies (920 CFU/ng of vector). A further increase in
end homology length resulted in even higher cloning
efficiencies with an end homology length of 52bp pro-
viding the highest efficiency (21 965 CFU/ng of vector).
However, in contrast to in vivo homologous recombin-
ation cloning, the cloning efficiency dropped significantly
when the end homology length was further increased
(Table 1) indicating that SLiCE promotes in vitro recom-
bination by a different pathway. Control reactions that
contained the same vector/insert combinations with
increasing end homologies but without SLiCE extract
did not yield any recombinant colonies. Next, SLiCE
was performed with varying vector/insert molar ratios at
a vector concentration of 10ng/ul and 42bp of end
homology. These studies showed that vector/insert ratios
of 1:1,1:2,1:6and 1:10 yielded 1335, 2330, 11120 and
12 120 CFU/ng of vector, respectively, demonstrating that
increased insert ratios could yield higher cloning
efficiencies. Compared to the standard vector concentra-
tion of 10 ng/ul, SLiCE using low concentrations of vector
(Ing/ul) and a vector/insert at ratio of 1:1 led to a
200-fold decrease in cloning efficiency which is likely due
to the instability of vector and insert DNA at these low
concentration in the SLiCE reaction mix. All the data
above were derived by electroporation of the SLiCE
reaction products. We also performed chemical transform-
ation of SLiCE reaction products with 42bp of end
homology using MAX Efficiency® DHI0B™ competent
cells (Invitrogen), which yielded about a 10-fold lower
cloning efficiency than electroporation (1063 CFU versus
10480 CFU/ng of vector, chemical transformation versus
electroporation).

Besides promoting recombination between homologous
sequences at the ends of vector and inserts, SLiCE is also
capable of facilitating recombination between DNA frag-
ments that contain flanking heterologous sequences and of
deleting the extra flanking sequences to generate precise
junctions at the recombination sites. This feature of
SLiCE provides a highly useful cloning tool, especially
in those cases where the absence of suitable restriction
sites in a vector prevent the seamless cloning of an insert

102 ‘gz Aeniged uo 1senb Aq /610'sjeulno[pioxo reuy/:dny wouj papeojumoq


http://nar.oxfordjournals.org/cgi/content/full/gkr1288/DC1
http://nar.oxfordjournals.org/
http://nar.oxfordjournals.org/

e55 Nucleic Acids Research, 2012, Vol. 40, No. 8

Table 1. Influence of End Homology Length on SLiCE Cloning
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Homology length (bp) Cloning efficiency

Cloning accuracy

DHI10B SLiCE PPY SLiCE DHI10B SLiCE PPY SLiCE

Vector only 0 0 - -

0 0 0 - -

10 0 0 - -

15 75 4640 90% 99%
20 80 34500 88% 99%
30 920 124000 98% 99%
42 10480 632000 99% 99%
52 21965 766 000 99% 99%
68 1795 162000 99% 99%
78 3325 119250 99% 99%
88 1890 68000 99% 99%
100 3320 32500 99% 99%

Cloning efficiencies using different lengths of end homologies are given as CFUs of blue colonies per nanogram of vector. Cloning accuracies are
given as the percentage of blue colonies among the total number of all amp" colonies (blue and white). The 2.5-kb vector pBL was linearized by
Notl/Sall digestion and the 500-700-bp LacZa fragments were prepared by PCR. Experiments were performed using 10ng/ul of vector and the
corresponding amount of insert DNA at a 1:6 molar ratio of vector:insert. The blue colonies contain recombinant plasmid and the white colonies

contain non-recombinant vector background.

fragment into a desired vector region (Figure 1b). To test
this feature, DH10B SLiCE reactions were performed with
vector pBL-DL that was designed to provide heterologous
flanking sequences at the cloning sites. pBL-DL was
linearized with appropriate restriction enzymes to
generate flanking heterologous sequences on one side
(319, 738 and 998 bp) or on both sides (45bp plus 23 bp
and 319bp plus 738bp) and was together with a
LacZo fragment of 500 bp with 42 bp of end homologies
(Figure 1b) subjected to SLiCE followed by blue/white
selection. Our results showed that DH10B SLiCE can ef-
ficiently remove 45 bp plus 23 bp on both sides of flanking
heterologous sequences but it cannot facilitate DNA
cloning with longer flanking heterologous sequences of
319, 738, 998 bp on one side or 319bp plus 738 bp on
both sides (Supplementary Table S2).

Generation of a modified DH10B strain for the
optimization of SLiCE

In vivo homologous recombination in E. coli can be
facilitated by three different recombination pathways:
the RecA dependent pathway, a RecA independent
pathway of unknown nature and a RecA independent
pathway that utilizes prophage Red/ET recombination
systems (4-6,10-14). The studies above indicate that
a RecA independent pathway catalyzes SLiCE. To
optimize SLiCE and acquire even more efficient strains
as a source for cell extracts, we modified the DH10B
genome using a suicide plasmid based strategy to insert
an optimized A prophage Red recombination system into
the bacterial genome. Specifically, the genome of DH10B
bacteria were modified to constitutively express the
A phage redp and gam genes under the control of the
EM7 and Tn5 promoters, respectively, and also the redo
gene under the control of an arabinose-inducible pBAD
promoter (araC-pBAD) (8). The modified DH10B strain
was termed PPY and tested for SLiCE. Extracts derived
from PPY bacteria yielded significantly higher cloning

efficiencies and a more robust seamless cloning activity
in the presence of heterologous flanking sequences than
the DH10B extracts (see below) and were used in the fol-
lowing series of experiments for the analysis of optimized
SLiCE capabilities.

Efficiency and fidelity of PPY SLiCE

In the first series of experiments we investigated the effi-
ciency and fidelity of the improved PPY SLiCE extract.
First, we examined the influence of end homology length
on PPY SLiCE mediated cloning in more detail. Using the
pBL-LacZa cloning strategy end homologies varying
from 0 to 100 bp were examined (Table 1). Vector and
insert fragments with no end homology or a short
homology of 10bp did not yield any recombinant
colonies. Similar to DH10B SLiCE without the Red
system, the minimum length of homology required for
efficient cloning was 15bp, however, the PPY SLiCE
extract yielded a dramatic increase in the number of
blue recombinant colonies (4640 CFU versus 75CFU
per ng of vector, PPY SLiCE versus DH10B SLiCE)
with a high cloning accuracy. Similar to DH10B SLiCE
cloning, the cloning efficiency for PPY SLiCE increased
with homology length in a range up to 52 bp but dropped
significantly when the end homologies were further
increased (Table 1).

PPY SLiCE-mediated cloning was also performed using
another vector/insert combination (p3XFLAG-CMV-7.1
vector (Invitrogen) and a 800-bp PCR insert with end
homologies ranging from 0 to 42bp). These studies
yielded similar results (data not shown).

The recombinant colonies derived from PPY SLiCE
cloning were further analyzed by colony PCR, restriction
digestion and DNA sequencing analyses. More than 300
blue colonies were screened using colony PCR (data not
shown) and some of the colonies were verified by restric-
tion digestion (Figure 1d). All of the analyzed clones con-
tained the correct insert. The vector/insert junctions of
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30 recombinant clones were sequenced and all of the
clones contained the correct cloning junctions indicating
that SLiCE fuses vector and insert in a precise manner.
The small number of white background colonies that were
observed in these test experiments could be traced back
to spurious amounts of undigested pBL vector during
linearization.

We next examined the fidelity of PPY SLiCE without
prior selection of positive recombinant clones. For these
studies we used a Notl/Xbal linearized 5.2-kb plasmid
vector and a 1.4-kb PCR-amplified insert with 30 bp of
end homologies. The entire insert and the junction
regions of 20 positive recombinants were sequenced.
Eighteen recombinants contained completely correct se-
quences and 2 recombinants presented one mutant nucleo-
tide located in the PCR insert, which is consistent with the
error rate of the DNA polymerase that was used for PCR
amplification (Fastart Fidelity PCR system, Roche) at
2.4 x 10~%/bp/cycle and 30 cycle amplification. The error
rate and location of mutations indicate that these muta-
tions were caused by PCR amplification of inserts and that
SLiCE did not introduce further mutations.

We next examined the effect of various molar ratios of
vector and insert and the overall DNA concentration on
PPY SLiCE. The results were again similar to DH10B
SLiCE mediated cloning. PPY SLiCE with pBL-LacZa
vector/inserts at molar ratios of 1:1, 1:2, 1:6 and 1:10
with 20-bp end homologies yielded 19240, 27 320, 34 500
and 65350 CFU/ng of vector, respectively, showing that
increasing the amount of insert yields slightly higher
cloning efficiencies for PPY SLiCE. We also observed
that PPY SLiCE at a low concentration of vector and
insert (1ng/ul) at a vector/insert ratio of 1:1 also
resulted in a 10-fold reduced cloning efficiency.

We also determined the sequence dependence of PPY
SLiCE in more detail. For this, we first generated four
LacZo fragment and vector combinations containing
20-bp end homologies that each differed in GC content
(ranging from 40% to 80%) and sequence. These vector/
insert combinations were subjected to PPY SLiCE. We
did not find a significant difference in the cloning
efficiencies indicating that SLiCE is indeed sequence inde-
pendent within the range of sequence diversity tested
(Supplementary Table S3). Next, we generated four frag-
ments with 20-bp end homologies containing a mismatch
at different positions. We found that a single mismatched
nucleotide at the end of the 20-bp homology produced one
type of recombination product and the heterologous nu-
cleotide was removed during SLIiCE. A single mismatched
nucleotide within the middle of the 20-bp homology
produced two types of recombination products in which
either one of the mismatched nucleotides was retained. In
addition, we observed that the presence of a single
mismatch only led to a slight reduction in cloning effi-
ciency (Supplementary Table S4).

To determine the effect of insert length on PPY SLiCE
cloning efficiencies we attempted to assemble vectors
ranging in size from 2 to 15kb and containing inserts
ranging from 80bp to 21kb in size. We found that the
cloning of larger fragments by SLiCE occurred at robust
but somewhat reduced efficiencies. For example, the

Nucleic Acids Research, 2012, Vol. 40, No.8 e55

assembly of an 11-kb recombinant plasmid containing
an 8-kb insert was achieved at a cloning efficiency of 140
CFU/ng of vector. The restriction analysis of 24 clones
revealed that 22 contained the expected recombinant
plasmid.

At present, we have successfully used SLiCE-mediated
cloning to generate more than 100 recombinant plasmids
employing various cloning strategies and many different
vector/insert combinations. Our results indicate that
SLiCE can be considered a universal cloning method for
the generation of recombinant DNA at high fidelity.
Furthermore, the nature of vector and insert ends such
as blunt ends or 3’ or 5’ sequence overhangs did not influ-
ence SLIiCE efficiency or accuracy. However, the use of
vectors with complementary 5" or 3’ overhanging ends for
SLiCE increased the formation of empty vector back-
ground colonies, which is probably due to annealing of
the single-stranded ends in the bacterial extracts or in
the transformed host cells.

PPY SLiCE with flanking heterologous sequences

The seamless cloning activity of PPY SLiCE was
examined using the same pBL-DL-LacZo cloning
strategy as for DH10B SLiCE with flanking heterologous
sequences at one side (2, 319, 738 and 998 bp) or on both
sides (45bp plus 23 bp and 319 bp plus 738 bp) and with
various end homologies.

In comparison to DHI10B extracts, PPY extracts pre-
sented a much stronger seamless activity, which can
remarkably increase the efficiency of DNA cloning espe-
cially with shorter flanking heterologies (45 bp plus 23 bp
on both sides; 7600 CFU versus 1265 CFU per ng of
vector, PPY extract versus DH10B extract). In addition,
PPY SLIiCE can efficiently remove longer flanking heter-
ologous sequences of up to 998 bp on one side or up to
319bp plus 738 bp on both sides (Table 2). In general,
vectors with shorter flanking sequences or flanking se-
quences on only one side yielded higher cloning efficiencies
compared to vectors with longer and/or double-sided
flanking heterologous sequences (Table 2). Similar to
SLiCE cloning without flanking heterologous sequences,
longer end homologies between vector and insert resulted
in higher cloning efficiencies (Table 2).

SLiCE cloning with multiple fragments

The high cloning efficiency and fidelity of PPY SLiCE
suggested it might be possible to generate more complex
recombinant plasmids using multiple inserts in a single
cloning reaction. To test this idea we designed two differ-
ent SLICE strategies for the cloning of multiple insert
fragments. In the first strategy, we attempted to clone
multiple inserts into one vector in one SLiCE reaction to
generate a single recombinant DNA molecule derived
from multiple fragments that was termed multiple-way
SLiCE cloning (Figure 2a). The second strategy was
designed to clone several different inserts carrying the
same end homology into a vector in one SLiCE reaction
in parallel. This strategy creates multiple different recom-
binant DNA molecules and was termed SLiCE batch
cloning (Figure 2b).
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Table 2. PPY SLICE with flanking heterologous sequences
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Homology length (bp) Flanking heterology length (bp)

Vector length (bp) Cloning efficency Cloning accuracy (%)

Side 1 Side 2
20 2 0 2500 10000 99
42 319 0 2803 2270 99
30 319 0 2803 1250 98
42 738 0 3222 1232 87
30 738 0 3222 432 77
42 998 0 3482 570 94
42 45 23 2552 7600 81
30 45 23 2552 1288 63
20 45 23 2552 710 59
42 319 738 3541 5 98

Cloning efficiencies are given as CFUs of blue colonies per nanogram of vector. Cloning accuracies are given as the percentage of blue colonies
among the total number of all amp" colonies (blue and white). Vectors containing different end heterologies were derived from plasmid pBL-DL by
digesting with various restriction enzymes. LacZ inserts of 500-bp size containing the indicated end homologies were generated by PCR. The
experiments were performed using 10-40ng/pl vector DNA and the corresponding amount of insert DNA at a 1:6 molar ratio of vector:insert
in a 10 ul reaction volume. The blue colonies contain recombinant plasmid and the white colonies contain non-recombinant vector background.

To examine the potential of SLICE for multiple-way
cloning, three-, four- and seven-way SLiCE cloning was
performed using the pBL vector and three different sets of
PCR amplified inserts with 42 bp of end homology that
can assemble into a single 1.9-kb DNA fragment express-
ing LacZo activity (Figure 2c¢ and Table 3). Our studies
showed that PPY SLiCE mediated three-, four- and
seven-way cloning occurred at significant efficiencies and
high accuracies (Table 3). DNA sequencing analysis
showed that all of the multiple fragments were precisely
joined by SLiCE-mediated multiple-way cloning.

We next examined multiple-way SLiCE cloning using
other vectors and inserts. A three-way SLiCE using a
4.7-kb vector (p3XFLAG-CMV-7.1, Invitrogen) and two
250-bp inserts with 24bp of end homologies produced
about 500 CFU/ng of vector with a 10-fold stimulation
over non-recombinant background colonies. In another
three-way experiment we successfully assembled a 3-kb
vector and two 2.6- and 2.5-kb inserts using 42bp of
end homology with 80% accuracy and a cloning efficiency
of 60 CFU/ng of vector. To determine the ability of
multiple-way SLiCE cloning to assemble highly complex
vector/insert combinations, a four-way cloning strategy
(42-bp end homology, 2.5kb of vector, inserts of 500 bp,
1.4 and 2.5kb) and a seven-way strategy with shorter
end homology (24-bp homology, 2.5kb of vector and six
inserts totaling 2 kb) were performed. For both multiple-
way cloning strategies the cloning efficiencies were reduced
but still provided at least 20 CFU/10ng of vector.

For SLiCE batch cloning, two sets of experiments were
performed. Six PCR inserts varying from 300 bp to 1kb
with 30 bp of end homology were mixed together with a
linearized 6.7-kb prokaryotic expression vector (PTXBI,
NEB) and incubated in PPY SLiCE extract (Figure 2b).
About 340 CFU/ng of vector were obtained. The analysis
of 32 colonies showed that all six possible recombinant
vector/insert combinations were obtained (Figure 2d
and e). Another experiment using a 4.7-kb mammalian
expression vector (p3XFLAG-CMV-7.1, Invitrogen) and

three inserts of 1, 1.5 and 2.5kb with 24-bp homology
yielded similar results (data not shown).

SLiCE cloning of genomic fragments from BAC clones

It is often challenging to subclone a genomic DNA
fragment from larger DNA vectors such as BACs into a
plasmid vector. Due to the high cloning efficiency of PPY
SLiCE, we tested whether SLiCE could also facilitate this
type of cloning. A SLiCE cloning strategy was designed to
subclone individual genomic DNA fragments from BAC
vectors (Figure 3a). Specifically, BAC DNA isolated from
clone RP23-303G 13 (CHORI), 165 kb in size and contain-
ing 66 Bg/ll and 19 EcoRV restriction sites, was digested
with either Bg/Il or EcoRV to generate a complex pool
of DNA fragments. The digested BAC DNA was phenol/
chloroform purified and subjected to PPY SLiCE cloning
with PCR-generated pBluescript II KS(+) (Stratagene)
derived vectors that contained end homologies to different
Bglll or EcoRV BAC restriction fragments. We attempted
SLiCE cloning of several Bg/ll BAC fragments of differ-
ent sizes (830 bp, 3.7, 6.7, 8.7 and 14 kb) with 42 or 52 bp
of end homology. In addition, SLIiCE cloning was also
performed for several EcoRV BAC fragments of larger
sizes (5.3, 6.3, 12.2 and 21kb) (Table 4). In all cases we
were able to obtain recombinant clones carrying the dif-
ferent BAC fragments with high or acceptable cloning
efficiencies (Table 4 and Figure 3b and c), indicating
that SLiCE cloning is an effective strategy for the direc-
tional subcloning of small or large BAC genomic
fragments.

DISCUSSION

The observation that bacterial cell extracts can efficiently
recombine  DNA molecules using short-end homolo-
gies was a serendipitous discovery in our laboratory.
After initial characterization and further optimization,
we were able to establish a novel restriction site
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Figure 2. SLiCE cloning with multiple fragments. (a) Schematic illustrating multiple-way SLiCE cloning. A three-way cloning approach is shown.
(b) Schematic illustrating SLIiCE batch cloning. Six PCR inserts with 30-bp homology and plasmid vector PTXBI (Ndel/Sapl) were subjected to SLiCE
batch cloning. P1, P2, Pa, Pb and Pc refer to the primers for colony PCR screening. (¢) BsaAl/Xmnl restriction analysis of the recombinants derived from
seven-way SLiCE cloning. Plasmid DNAs from eight independent ampicillin-resistant colonies (lanes 1-8) were digested with BsaAI/Xmnl.
Recombinants contain one BsaAl site and one Xmnl site located within the vector and one BsaAl site located in the insert yielding diagnostic 2.5-,
1.3-kb and 540-bp restriction fragments. (d) PCR screening of recombinants derived from SLiCE batch cloning of six different inserts. Thirty-two
independent colonies (lanes 1-32) were subjected to PCR analysis with primer pair P1/P2. Recombinant plasmids PT-A, PT-B and PT-C all yielded
PCR products of ~1 kb (lanes labeled with asteriscs). Recombinant plasmids PT-D, PT-E and PT-F yielded PCR products of 740, 586 and 510 bp,
respectively (lanes labeled D, E and F). Non-recombinant vector pTXBI yielded a PCR product of 210 bp (lanes labeled V). (e) To identify PT-A,
PT-B and PT-C recombinants were further analyzed using primer pairs P1/Pa, P1/Pb and P1/Pc. The PCR products of PT-A using primer pair P1/Pa,
PT-B using primer pair P1/Pb and PT-C using primer pair P1/Pc were 920 bp, 1 and 1 kb, respectively (lanes labeled A, B and C).

independent and seamless cloning method that we termed
SLiCE. We found that simple cell extracts from two RecA
deficient laboratory strains, JM109 and DH10B, were able
to efficiently recombine vector and insert DNA containing
short end homologies. In addition, we found that these
strains can be further optimized for SLiCE by simple
genetic modification. In this study we introduced the
genes of the A prophage Red recombination system and

the gam gene into the DH10B genome to generate a new
bacterial strain termed PPY. This strain currently provides
the highest cloning efficiencies and facilitates SLiCE in a
wide variety of cloning applications.

Bacterial extracts have been shown to efficiently
catalyze RecA-dependent homologous recombination
(15). However, SLiCE-mediated cloning is working most
efficiently in RecA-deficient extracts indicating that it
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Table 3. Multiple-way PPY SLICE cloning

Multiple-way SLiCE Inserts length (bp) Cloning efficiency Cloning accuracy (%)
Three-way 520 and 1400 6610 88
Four-way 520, 762 and 760 4080 96
Seven-way 420, 400, 330, 220, 280 and 550 3260 90

Cloning efficiencies are given as CFUs of blue colonies per nanogram of vector. Cloning accuracies are given as the percentage of blue colonies
among the total number of all amp" colonies (blue and white). The 2.5-kb vector pBL was linearized by Notl/Sall digestion and the inserts were
prepared by PCR. Experiments were performed using 10ng/ul of vector and the corresponding amount of insert DNA at a 1:6 molar ratio of
vector:insert. The blue colonies contain recombinant plasmid and the white colonies contain non-recombinant vector background.

G
L)

Restriction
Digestion

Y 4
Fragment A

_|_

( PCR Generated Vector

SLIiCE

( Recombinant ,

Figure 3. BAC SLiCE Cloning. (a) Schematic illustrating BAC SLiCE cloning. (b) Xmnl/Xhol restriction analysis of recombinants derived from
SLiCE cloning of an 8.7-kb BglIl BAC fragment. Plasmid DNAs from six independent ampicillin-resistant colonies (lanes 1-6) were digested with
Xmnl and Xhol. Recombinants contain one Xmnl site within the vector and one Xhol site within the insert yielding diagnostic 7.2- and 4-kb
restriction fragments. (¢) BamHI/BglII restriction analysis of recombinants derived from SLiCE cloning of a 12.2-kb EcoRV BAC fragment. Plasmid
DNAs from nine independent ampicillin-resistant colonies (lanes 1-9) were digested with BamHI and Bglll. Recombinants contain one BglII site
within the vector and two BamHI sites in the insert yielding diagnostic 5.9-, 4.9- and 3.9-kb restriction fragments.

J

Table 4. BAC SLICE cloning

End homology length (bp) Restriction enzyme Insert length (kb) Cloning efficiency Cloning accuracy (%)
42 Bglll 0.83 97 75
42 Bglll 3.7 37 44
42 Bglll 6.7 171 47
52 Bglll 8.7 52 12
52 Bglll 14 42 14
42 EcoRV 5.3 197 62
42 EcoRV 6.3 277 76
52 EcoRV 12.2 130 66
52 EcoRV 21 19 53

Cloning efficiencies are given as CFUs per nanogram of vector. Cloning accuracies are given as the percentage of correct clones among the total
number of amp’ clones. pBluescript 11 KS+ (Stratagene) was used as template to PCR amplify linear vectors containing end homologies corres-
ponding to various BglIl or EcoRYV restriction fragments in BAC clone RP23-303G13. Vector DNA (10-20 ng/ul) and total BglIl or EcoRV digested
BAC DNA (1 ug/pl) were subjected to PPY SLiCE cloning.
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utilizes a different recombination pathway. The existence
of a RecA-independent recombination pathway in E. coli
that mediates exchange at short homologies has been
proposed (10). It was suggested that this RecA-
independent recombination mechanism involves the gen-
eration of short 5 and 3’ tailed strands that anneal to
homologous molecules (11) and that E. coli single-strand
exonucleases such as RecJ, ExoVII, Exol and ExoX could
degrade these tails and abort the exchange reaction.
Consistent with this notion, the RecA-independent recom-
bination was stimulated in the absence of these
single-strand exonucleases. However, the mechanism of
RecA-independent recombination is unknown and it
remains to be seen whether this recombination pathway
is also responsible for SLiCE-mediated recombination.
It is likely that SLiCE-mediated cloning involves the
activities of exonucleases or helicases for the generation
of single-strand tails at the ends of vectors and inserts,
single-strand binding proteins for the stabilization of
these single-strand overhangs and possibly other factors
that protect 5" and 3’ tails from degradation and facilitate
their annealing. Consistent with this idea we found, that
although SLiCE mediated recombination is efficient in the
absence of the prophage Red/ET recombination systems,
the introduction of the redo, redp and gam genes, which
facilitate similar transactions at single stranded DNA
ends, into DHI0B bacteria greatly enhanced SLiCE
mediated cloning.

Although SLiCE shares some features with other
recently developed in vivo recombineering methods
(16-19), it is different in several aspects. Recombineering
methods provide useful tools for DNA modification and
depend on homologous recombination that is mediated by
the A-prophage encoded Red recombination system in vivo
in bacterial cells. In contrast, SLiCE is an in vitro recom-
bination method facilitated by bacterial cell extracts.
The Red recombination system is not required for
SLiCE but can be used to further increase the cloning
efficiencies of SLIiCE. In addition, the main application
of recombineering is the modification of large DNA mol-
ecules such as BACs or bacterial genomes, while SLICE
can be used as a general cloning method for the generation
of recombinant plasmids.

Compared to conventional ligation dependent cloning
methods including the cloning of DNA fragments with
sticky or blunt ends generated by restriction digestion
or the TA cloning of PCR fragments, SLiCE has several
important advantages: (i) It is a time and labor saving
method that consists of a one-hour/one-tube reaction
followed by standard transformation of host bacteria.
(i) It does not require any prior treatment of end se-
quences. (iii) It can be used to directionally clone one or
more fragments into any vector with high efficiency and
fidelity. (iv) It promotes seamless cloning without leaving
any unwanted sequences at the cloning junctions.

In addition to SLiCE, several other in vitro homologous
recombination based cloning systems have recently been
described, such as LIC-PCR and SLIC (20-23),
Exonuclease III induced ligase-free directional subcloning
of PCR products (24), Ribocloning (25), Enzyme-free
cloning (26) and six commercially available cloning
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systems including In-Fusion™ PCR Cloning (27-29)
(Clontech), Cold Fusion Cloning Kit (SBI), Fast
Seamless  Cloning  Kit  (Dogene),  CloneEZ®
Kit(Genescript), and GENEART® Seamless Cloning
and Assembly Kit (invitrogen). SLIC uses the 35 exo-
nuclease activity of T4 DNA polymerase to generate
ssSDNA overhangs in insert and vector which are
required for the fusion of vector and insert fragments by
single strand annealing with or without the addition of
RecA. Exonuclease III induced ligase-free directional
subcloning uses 3'-5" exonuclease activity of Exonuclease
IIT to generate ssDINA overhangs which facilitate cloning
(24). Ribocloning uses Rnase A to cleave at single rC or
rU bases that were introduced by PCR into vector and
insert and subsequent heating to generate ssDNA over-
hangs for cloning. Enzyme-free cloning creates comple-
mentary sSDNA overhangs by PCR with tailed primer
sets and post-PCR denaturation-hybridization reactions.
In-Fusion™ PCR Cloning promotes PCR cloning by the
In-Fusion enzyme, a poxvirus DNA polymerase with 35’
exonuclease activity. The mechanisms or enzymatic
activities involved in the other commercial cloning
systems have not been disclosed by the suppliers, but it
is likely that they utilize processes that are similar to that
of SLIC and In-Fusion™ PCR Cloning.

Exonuclease III induced ligase-free directional sub-
cloning is only useful for cloning fragments with blunt
or 5 protruding ssDNA ends but not compatible for
cloning of fragments with 3’ protruding ssDNA ends.
Furthermore, the method probably depends partially on
the helical structure of the DNA fragments and displays
sequence dependence (C>A =T > G) (24). Ribocloning
and Enzyme-free cloning require PCR amplification to
generate both vector and insert and cannot facilitate the
cloning of DNA fragments generated by restriction diges-
tion. In addition, Ribocloning requires special PCR
primers containing ribonucleotides (rC or rU) at the
3’-ends and enzyme-free cloning requires four pairs of
primers for one reaction and is not suitable for multiple-
way cloning (25).

In comparison to SLiCE, SLIC requires optimization.
Vector and insert fragments for SLIC need to be treated
with T4 DNA polymerase and the treatment duration
is not always constant but depends on the homology
length (23).

The efficient seamless cloning activity is one of the most
important features of SLiCE as it allows the recombining
of vector and inserts in vitro even in the presence of
flanking heterologous sequences of up to 998 bp on one
side or 319bp plus 738 bp on both sides. This property
decreases the sequence dependence of end cloning by
SLiCE and greatly extends its usefulness for many appli-
cations such as replacing unwanted sequences adjacent to
the cloning sites without any prior treatment even in the
absence of appropriate restriction sites. For example, in a
single SLiCE reaction, we subcloned the open reading
frame of the Pms2 gene into the mammalian expression
vector p3XFLAG-CMV-7.1 (Invitrogen) and deleted
72bp of an unwanted sequence tag flanking the cloning
site within the vector, which could not be deleted by re-
striction digestion. SLIC also has seamless cloning
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activity; however, it is limited to flanking heterologies of
only up to 20 bp. There are no reports that In-Fusion™
PCR Cloning (Clontech) or any of the other in vitro
cloning systems have such activity. Furthermore, SLiCE
is the only known in vitro recombination based method for
the directional subcloning of genomic BAC fragments into
plasmid vectors. At present it is not clear if the other
in vitro cloning systems can be used for this application.

In summary, SLiCE is an easy, efficient and inexpensive
cloning method that allows the generation of recombin-
ant plasmid vectors in a seamless and precise fashion.
It requires the generation of simple bacterial cell extracts
from readily available lab strains and does not require the
use of restriction enzymes or DNA end modification
enzymes such as Klenow or T4 DNA polymerase.
In addition, the joining of vector and insert fragments
by DNA ligase is not required. SLiCE is also a highly
versatile method, and its capabilities can be expanded by
the generation of additional optimized bacterial strains in
the future.
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Abstract

The precise assembly of specific DNA sequences is a critical technique in molecular biology. Traditional cloning techniques
use restriction enzymes and ligation of DNA in vitro, which can be hampered by a lack of appropriate restriction-sites and
inefficient enzymatic steps. A number of ligation-independent cloning techniques have been developed, including
polymerase incomplete primer extension (PIPE) cloning, sequence and ligation-independent cloning (SLIC), and overlap
extension cloning (OEC). These strategies rely on the generation of complementary overhangs by DNA polymerase, without
requiring specific restriction sites or ligation, and achieve high efficiencies in a fraction of the time at low cost. Here, we
outline and optimise these techniques and identify important factors to guide cloning project design, including avoiding
PCR artefacts such as primer-dimers and vector plasmid background. Experiments made use of a common reporter vector
and a set of modular primers to clone DNA fragments of increasing size. Overall, PIPE achieved cloning efficiencies of ~95%
with few manipulations, whereas SLIC provided a much higher number of transformants, but required additional steps. Our
data suggest that for small inserts (<1.5 kb), OEC is a good option, requiring only two new primers, but performs poorly for
larger inserts. These ligation-independent cloning approaches constitute an essential part of the researcher’s molecular-tool

kit.
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Introduction

The precise assembly of specific DNA sequences is a critical
technique in molecular biology. Traditional cloning makes use of
restriction enzymes and ligation of DNA in wuitro. Restriction
endonuclease digestion and ligation increase the complexity of
cloning projects, for example by requiring selection of appropriate
restriction-sites and inefficient ligation steps. Consequently, several
ligation-independent cloning (LIC) methods have since been
developed that are simpler, faster, and highly efficient. These
strategies rely on the generation of DNA fragments with single-
stranded complementary ends to allow directional cloning of any
insert, independent of restriction enzymes and i vitro ligation. The
most effective and convenient methods include polymerase
incomplete primer extension (PIPE) cloning [1], sequence and
ligation-independent cloning (SLIC) [2], and overlap extension
cloning (OEC) [3,4] (Figure 1). In this study, we will compare these
cloning strategies.

All three techniques amplify the gene of interest by polymerase
chain reaction (PCR). The 3’ ends of the PCR primers are
template-specific, whilst the 5’ ends incorporate tails specific for
the cloning junction.

PIPE relies on the observation that a significant portion of PCR
products are incomplete, having 3’-recessed ends [1], particularly
in the absence of a final extension step. SLIC uses a brief
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treatment of purified PCR products with the 3'—5" exonuclease
activity of T4 DNA polymerase to generate a higher proportion of
recessed ends [2,5]. Cloning is possible due to the complementary
5" ends of the insert and vector fragments. These are analogous to
the much shorter ‘sticky ends’ generated by restriction enzymes.
After mixing, these single-stranded overhangs anneal and can be
efficiently ligated i vivo after transformation by the bacterial DNA
recombination and repair machinery.

In contrast, OEC has two rounds of amplification. Firstly, the
insert is PCR-amplified using primers with 5" ends complementary
to the target site in a circular destination vector. The 3" ends of this
product (‘megaprimer’) can consequently anneal and amplify the
destination vector by overlap extension. This yields a nicked
plasmid that is repaired after transformation. A variant of the
OEC strategy is utilised by the commonly used QuikChange site-
directed mutagenesis kit (Agilent Technologies).

In an age of high-throughput molecular biology, there is a need
to move away from traditional cloning methods. We believe that
LIC methods offer a more robust, efficient means for DNA
cloning. Furthermore, variations between strategies suggest that
certain techniques may be better suited for particular situations.
Consequently, here we characterise and compare the efficiency,
convenience, and utility of three major LIC techniques.
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doi:10.1371/journal.pone.0083888.g001

Materials and Methods

Primer combinations

Primer sequences are listed in Table S1 in File S1. Gene
accession numbers and plasmid vector backbones are listed in
Table S2 in File S1. The pUC18/Kan reporter vector (Figure 1B)
was prepared using PIPE cloning. The vector backbone of pUC18
was obtained by PCR with primers pUC18-F and pUC18-R, and
the kanamycin resistance cassette from pEGFP-C1 (Clontech) with
primers KanR-in-pUC-F and KanR-in-pUC-R. The complete
pUC18/Kan vector DNA sequence is included as a text file in
Supporting Information (File S2).

A 24 bp FLAG epitope insertion (84 bp fragment) was achieved
through PIPE or SLIC with primers FLAG-pUC18-F and FLAG-
pUC18-R to amplify pUC18/Kan. The 85 bp FLAG megaprimer
for OEC was prepared through 40 ul. thermal cycling of the
primers alone, with 4 pM FLAG-pUC18-overlap-F and FLAG-
pUC18-overlap-R with 1 x HF Buffer, 0.8 U of Phusion Hot Start
II High-Fidelity DNA Polymerase (New England Biolabs) and
cycling conditions: (98°C 30 s, 63°C 30 s, 72°C 1 min) X5.
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The pUC18/Kan vector backbone was amplified with primers
pUC18-L30-F and pUC18-L30-R, which are the reverse comple-
ment of the common 5'-tails of the insert primers. A 350 bp
fragment (Gluc) was amplified from FLAG-hLXRp-hGluc(1) [6]
with primers Gluc-pUC18-F and BGH-pUC18-R. LXR (1.4 kb)
was similar amplified with primers LXRb-pUC18-F and LXRb-
pUCI18-R. A 2.2 kb sequence (AR) from pTK-AR-V5 [6] was
obtained with primers AR-pUC18-F and AR-pUC18-R. SRC-1
(4.3 kb) was amplified with primers SRC1-pUC18-F and SRC1-
pUCI18-R from pCR3.1-SRC1 [7]. 1.4 kb Insig-1 and 4.3 kb
SCAP fragments were obtained with primers T7-pUCI18-F and
BGH-pUCI18-R from pCMV-Insig-1-Myc or pCMV-SCAP
respectively [8].

PCR

PCR was performed in 50 pL. reactions using 0.5 ng of
template, 0.5 uM forward and reverse primers, 5% DMSO, HF
Buffer and 1 U of the non-strand displacing enzyme Phusion Hot
Start II High Fidelity DNA polymerase, and cycling conditions:
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98°C 3 min, (98°C 30 s, 63°C 30 s, 72°C' 3 min for products
>1.5 kb or 1 min for <1.5 kb) x30.

Reaction products were column purified using a QIAquick PCR
purification or gel extraction kit (Qiagen) and quantified by
spectroscopy.

PIPE cloning

0.025 pmol of vector and 0.0625 pmol insert purified products
(2.5:1 insert:vector ratio) were digested for 3 hr at 37°C with 10 U
of Dpnl in 10 pL. CutSmart Buffer (NEBuffer 4.1/0.1 mg/mL
BSA), diluted 1:1 with 1x HF buffer (to control for buffer
composition between purified and unpurified products, as 1 x HF
buffer halved transformation efficiency), and 2 uL. used to
transform 18 uL. of XL10 Gold ultracompetent cells (Agilent
Technologies) according to manufacturer’s instructions.

SLIC

Dpnl digested purified PIPE products were incubated at 25°C
for 5 min with 0.75 U of T4 DNA polymerase, immediately
placed on ice for 10 min, diluted 1:1 with ice-cold 1x HF Buffer,
and 2 pL used for transformation as described above.
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OEC

20 uL. OEC reactions were performed using 10-250 fmol of
insert product —84 bp: 250 fmol (12.5 nM); 350 bp: 100 fmol
(5 nM); 1.4 kb: 25 fmol (1.25 nM); 4.3 kb: 10 fmol (0.5 nM) - as
megaprimer and 25 ng of pUC18/Kan vector template with 5%
DMSO, 0.4 U of Phusion Hot Start II High Fidelity DNA
polymerase, and cycling conditions: 72°C: 5 min (to blunt the
megaprimer), 98°C 3 min, (98°C 30 s 63°C 30 s 72°C 3 min)
x30. 5 pL fractions were diluted 1:1 with CutSmart Buffer (to
control for buffer and assist Dpnl activity), digested for 3 hr at
37°C with 20 U of Dpnl, and 2 uL used for transformation as
described above.

Colony counting and screening

Serial dilutions of transformation mixture were spread onto
ampicillin selective plates to allow counting of the number of
colony forming units (CFU), adjusted to account for total volume,
and rounded to 3 significant figures. 40 colonies were picked and
streaked onto kanamycin selective plates in the presence of X-gal/
IPTG to identify recombinants. For one replicate experiment of
each set, colonies were also tested by colony PCR across the
cloning junctions or sequenced to validate the blue/white
screening.
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Step by step protocols for each technique are outlined
in the supporting information (File S3).

Results

Design of the reporter system

To efficiently compare the different cloning techniques, we
prepared a reporter vector plasmid, pUC18/Kan (Figure 1B). It
contains resistance cassettes for ampicillin and kanamycin, as well
as a polylinker encoding the lac{o fragment. Each pair of insert-
specific primers had the same 30 bp 5'-tail — this modular design
allowed replacement of the multiple-cloning site of pUC18/Kan
with a collection of inserts. This allows simple identification of the
type of plasmid in each colony — insert plasmid, vector plasmid or
desired recombinant plasmid — as the insert plasmids lack
kanamycin resistance, and the vector plasmid template contains
undisrupted laclx. Hence, bacteria were first plated onto
ampicillin plates and then patched onto kanamycin selective
plates in the presence of IPTG for blue/white colony screening.
Thus, positive colonies are white and resistant to both ampicillin
and kanamycin (Figure 2C), whilst blue colonies possess pUC18/
Kan and Kan-sensitive colonies possess insert-containing plasmids.

Generation of nicked vector plasmid reduces PIPE
cloning efficiency

We began our optimisation with PIPE. After first transforming
the Dpnl-digested vector PCR product alone we observed a
significant number of blue (empty pUC18/Kan) colonies, but no
colonies without the PCR (data not shown). Given that Dpnl only
digests methylated DNA, this indicates that vector plasmid is being
generated during the PCR. This can occur because extension of
the vector primers all the way around the plasmid template can
regenerate the empty vector plasmid (Figure 2A). Note that this is
linear amplification, generating less product in contrast to the
desired PCR product between the primers, which is amplified
exponentially by PCR. However, the vector PCR products can
also re-anneal to the vector and extend analogously to the
megaprimers in OEC, although this appeared to be less important,
as addition of three 5" non-template thymidines to the vector
primers did not affect cloning efficiency (data not shown).
Nevertheless, these situations can generate nicked copies of the
vector i vitro that will escape Dpnl digestion (Figure 2A). This
leads to unwanted vector background colonies.

To confirm this mechanism, we hypothesised that nicked vector
background should be reduced by 1) increasing the gap between
the 5" ends of the vector primers, or 2) cutting the template in
between the vector primers (Figure 2). To test this, we replaced
350 bp, 1.4 kb, or 4.3 kb inserts in pUC18/Kan (i.e. different gap
sizes) with the same 2.2 kb insert. The insert primer 5’ vector
overhangs were complementary to the vector backbone, indepen-
dent of the pre-existing insert sequences. This allows us to
determine PIPE cloning efficiency — the proportion of successful
recombinants - based on insert size differences using colony PCR.
This was performed with or without linearising the vector using
Pstl. We found that both increasing the gap and linearisation
reduced background (Fig 2C). However, because these strategies
restrict the utility of PIPE-cloning, we sought a more flexible
solution. We reasoned that reducing the template should dilute out
the background — since the complete vector is linearly amplified, it
is more dependent on template concentration and thus a lower
template concentration would favour PCR amplification of the
desired product. Accordingly, PIPE cloning efficiency increased
from approximately 40% to greater than 95% when using ten-fold
less template (Figure 2B), with similar results for insertion of the
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350 bp, 1.4 kb and 4.3 kb inserts into pUC18/Kan (Table S3 in
File S1). We adopted this latter strategy in subsequent experi-
ments.

Optimisation of SLIC, PIPE and OEC

PIPE relies on incomplete extension in PCR. Although the
proportion of incomplete products is sufficient at 25 cycles [1], we
reasoned that additional cycles might deplete PCR components or
generate DNA products that inhibit extension, leading to a greater
proportion of recessed ends and thus more clones. However, PIPE
cloning efficiency did not increase using equal amounts of DNA
product taken from 25 to 40 PCR cycles (Table S4 & S5 in File
S1). We maintained subsequent reactions at 35 cycles to ensure
that good product yields are achieved, particularly for difficult
templates or inefficient primers. PIPE cloning tolerated a wide
range of insert:vector molar ratios for a range of insert sizes (Table
S6 in File S1), with an optimum of 2.5:1, similar to previously
reported values for SLIC [2,5].

We made use of a one-tube version of SLIC [5,9]. For a
convenient volume of T4 polymerase (0.75 U/0.25 uL), the
highest efficiency was observed after 5-10 min treatment at
25°C, although 5 min was most robust (Table S7 in File S1),
followed by immediate incubation on ice to halt the reaction.

OEC uses linear amplification, generating less product than the
exponential amplification in PCR. We consequently used 25 ng of
template for OEC, 50-fold higher than for the PCR-based PIPE
and SLIC. This required doubling the concentration of Dpnl to
account for the increased template. The effectiveness of OEC was
dependent upon megaprimer concentration, with the optimum
being inversely proportional to megaprimer size: high concentra-
tions of small insert and vice versa (Table S8 in File S1). Thus
concentrations of ~25-50 fmol (1.25-2.5 nM) were optimal for
products >1.5 kb, ~50-100 fmol (2.5-5 nM) <1.5 kb, and
~100-300 fmol (5-15 nM) <350 bp. This is likely due to the
increasing propensity of larger products to anneal to themselves
rather than to the plasmid template. We observed more
kanamycin-sensitive colonies when the megaprimer was originally
prepared from insert PCRs with higher template (5 ng). This is
likely to be insert-vector background from the insert PCR, and was
removed by reducing the template amount to 0.5 ng (Table S9 in
File S1). Increasing the number of cycles of overlap extension gave
progressively more colonies, without clearly increasing cloning
efficiency (Table S10 in File S1). Hence 30 thermal cycles were
used for comparisons to the other techniques.

OEC does not tolerate the presence of primer-dimers
To test the ability of the techniques to tolerate the presence of
primer-dimer, we attempted to clone a 1.4 kb gene product where
the PCR product also included a marked amount of ~150 bp
primer-dimer or mispriming product. Since these products contain
5" ends complementary to the vector, they may be incorporated
into recombinant clones, also yielding white colonies in our
screening assay. Primer-dimer had little effect on PIPE or SLIC, as
screened white colonies contained the correct insert, confirmed by
colony PCR and sequencing (data not shown). In contrast, for
OEC, most white colonies contained unwanted primer-dimer
mnstead (Figure 3). Prior gel extraction of the insert megaprimer
and using this in the overlap extension step ensured that nearly all
white colonies contained the desired insert instead (Figure 3). An
alternative method to remove primer-dimer before OEC was to
pretreat the purified insert mixture with T4 DNA polymerase in
the absence of dNTPs (Figure S1 in File S1). This allowed
digestion of the primer-dimer, leaving the larger desired product to
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be end-filled - during the 5 min, 72°C step at the start of the
overlap extension reaction - and cloned.

Direct comparison

To directly compare the effectiveness of the different cloning
strategies, the reporter vector and different inserts were first
amplified and purified, then fed into PIPE, SLIC and OEC with
equivalent amounts of DNA using the optimised protocols (as
described in the Materials and Methods). Reaction products were
diluted with either HF buffer or NEBuffer to control for
transformation buffer composition, as the Phusion 1x HF PCR
buffer halved transformation efficiency (data not shown). The
amount of DNA (25 fmol vector and 62.5 fmol insert) used for
transformation was equivalent to that of unpurified PIPE cloning
from a single pair of PCRs. 24 bp, 350 bp, 1.4 kb and 4.3 kb
fragments were chosen to gauge the effect of increasing size on
cloning efficiency for each strategy.

The 24 bp insertion is a special case due to its small size, in that
PIPE and SLIC used a single primer pair of reverse design for
PCR — with 3’ ends complementary to the vector and 5'-tails
containing the entire insert — thus requiring only one PCR, such
that the product anneals to itself to form a circular product. For
very small inserts, using two primer sets to amplify vector and
mnsert would be wasteful and very ineflicient for PIPE and SLIC.
The standard insert primer design was used for OEC, with
annealing and 3" end-filling of partially overlapping primers alone
to first prepare the insert megaprimer.

PIPE consistently performed well, yielding hundreds of colonies
with close to 100% cloning efficiency (Tables 1, S6 and S10).
Addition of T4 DNA polymerase exonuclease treatment for SLIC
increased the number of transformants by ~4-100 fold for all
mnserts, retaining the high efficiency.

OEC yielded very high numbers of transformants for the 24 bp
(84 bp megaprimer) insertion, with close to 100% efficiency.
Moderate to high efficiencies were also observed for the 350 bp
insertion. Colony number fell proportionally as insert size
increased, which was associated with a corresponding decline in
cloning efficiency (Table 1). Cloning efficiencies and colony
numbers were far more variable for larger fragments, reflecting
lower robustness of OEC compared to the other LIC techniques
(Table S8-S11 in File S1).

Discussion

Ligation-independent cloning techniques can be used to
introduce DNA fragments into cloning vector plasmids quickly,
cheaply, and with high efficiency. Anything that can be amplified
by PCR can be introduced into any position of any vector of
choice in a single cloning step without unwanted additional
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Table 1. Direct comparison of PIPE, SLIC and OEC for various
insert sizes.
Insert Cloning Fold
Size® Technique Efficiency Colonies Increase®
85 bp PIPE 100% 1560 1

SLIC 100% 15800 10

OEC 95% 15100 10
350 bp PIPE 98% 176 1

SLIC 98% 18500 105

OEC 90% 9200 52
1.4 kb PIPE 95% 705 1

SLIC 100% 2760 4

OEC 73% 1450 2
4.3 kb PIPE 100% 309 1

SLIC 100% 6420 21

OEC 45% 251 1
See main text for details.
Single representative experiments are shown for FLAG (85 bp), Gluc (350 bp),
Insig-1 (1.4 kb), and SCAP (4.3 kb).
PThe increase in colonies relative to PIPE is shown.
doi:10.1371/journal.pone.0083888.t001

nucleotides, so called ‘scarless cloning’. We observed that PIPE
worked very well with limited manipulations, as long as the
template concentration was kept to a minimum to avoid overlap
extension vector background. SLIC consistently achieved the
highest efficiencies and number of transformants, but required
additional resources. OEC worked well for smaller fragments, but
was less effective for larger fragments. It was also very vulnerable
to the presence of primer-dimers.

The methods compared here work either through the gener-
ation of complementary single-stranded overhangs for i vio
homologous recombination (PIPE, SLIC) or by generating a
nicked plasmid in vitro by overlap extension (OEC). This can
require the design of new primers with longer complementary tail
sequences than used for restriction cloning, but the time savings
and increased robustness outweigh these nominal costs, even for
routine applications. Modular primers can also be designed to
allow parallel cloning of a gene into different vectors with identical
linkers [10], as well as inserting different genes with the same 5'-
tails into the same vector, as in this study.

The identical insert primer design also allowed the use of the
same PCR product with the three different techniques. This can
enable rescue of a failed cloning attempt using a different strategy
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with a higher efficiency but requiring additional steps and
resources (Figure 4 and Table 2). The first method of choice is
dependent upon the nature of the insert, the availability of existing
primers and the level of efficiency required. For genes of up to
1.5 kb, OEC is a good choice, as useful efficiencies (50%+) can be
achieved with one primer pair. This will often be suitable for
insertion of affinity tags or fluorescent proteins, such as the green
fluorescent protein. However, cloning efficiency and robustness for
OEC decrease with increasing insert size, introducing the risk of
failure for larger genes. Overlap extension also requires relatively
long (~30 bp) target-vector-tail sequences in the primers to allow
stable annealing, whereas PIPE and SLIC can work well with
overhangs of ~15 bp, allowing synthesis of shorter primers [1,2,5].
Purification of the insert PCR is recommended for OEC, but for
smaller inserts, a wide range of megaprimer concentrations are
tolerated, safely allowing use of a small fraction of unpurified PCR
product as megaprimer (Table S12 in File S1 and data not shown).
PIPE cloning is generally simpler and robustly performs well, at
the cost of requiring a second primer pair.

For cloning projects where vector primers are already available
or higher efficiencies are desired to clone inserts greater than
1.5 kb, PIPE is usually the best choice, achieving high efficiencies
for a wide range of gene sizes [1] (Table 1 and Table S11 in File
S1). Unpurified PIPE PCR products can be used for transforma-
tion directly after Dpnl treatment, making it extremely fast,
especially useful for high-throughput cloning projects [1]. This
simple approach is the mainstay LIC technique in our laboratory
and our default choice for any fragment size (See protocols in File
S3). However, purification to remove inhibitory buffer compo-
nents and concentrate the DNA provides better results (Table S12
in File S1 and data not shown). If PIPE cloning fails or a greater
number of transformants are required, such as for library
construction, then SLIC is superior, typically increasing the
number of transformants by more than 5-fold in one step after
purification, Dpnl and T4 exonuclease treatment. SLIC is also
effective after combining purified fragments without quantification
(Table S12 in File S1). SLIC can also be performed using
restriction enzyme-cleaved plasmid, minimising primer design at
the cost of additional manipulations over PIPE [2,5,9].

SLIC has the advantage that it can be used to assemble multiple
insert fragments in a single cloning step, particularly with addition
of recombinant RecA to enhance annealing i vitro, albeit with
reduced efficiency compared to single-fragment cloning [2]. This
can also be achieved with high efficiency using the Gibson method

Number of insert
fragments
2+

1 3
/ 4
Insert fragment size

<1.5 kbl >1.5 kb 4

Cloning
failure?

Primer-dimer?
Nc/ lYes

[ogc Tt

extract

Figure 4. Technique selection flowchart for a new cloning
project. The number of fragments, their size, primer availability and
the presence of primer-dimers will determine the optimal cloning
strategy. See main text for details.
doi:10.1371/journal.pone.0083888.9g004
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Table 2. Summary of effectiveness and resource use.

LIC Techniques PIPE SLIC OEC
Cloning Efficiency <1.5 kb Very High  Very High  High
Colony Number <1.5 kb High Very High  High
Cloning Efficiency >1.5 kb Very High  Very High Low
Colony Number >1.5 kb High Very High  Low
Primer Pairs 2 2° 1
Purification Optional Yes YesP?
Thermal Cycling Rounds 1 1 2
T4 Treatment Step No Yes No

See main text for details.

2Only 1 primer pair is required for SLIC if cleaved plasmid vector is used.
Optional for small megaprimers (~500 bp).
doi:10.1371/journal.pone.0083888.t002

[11], which uses similar primer design to PIPE and SLIC, but
involves use of a 5 exonuclease, DNA ligase and DNA polymerase
i vitro to join previously generated PCR fragments. This has
proved to be particularly useful for synthetic biology projects
requiring assembly of very large DNA fragments. However, for
single fragment insertion, we do not believe that the increased
resources required are justified when PIPE and SLIC robustly
achieve high efficiencies. However, Gibson assembly [11] can
prove a highly effective alternative when even SLIC fails (Figure 4).

A number of commercial cloning kits make use of site-specific
recombination, requiring special vectors and costly proprietary
enzymes, such as the Gateway® system (Life Technologies).
Heterostagger or mixed PCR cloning only requires primers and
polymerase to precisely engineer recessed ends similar to PIPE and
SLIC [2,12]. Although very effective, it is also costly as it requires
double the number of PCRs and primers used in SLIC, and long
denaturing and annealing steps, without performing better [2].

We found that PIPE, SLIC and OEC were also very efficient for
site-directed mutagenesis. PIPE or SLIC are optimal for large
deletions [1,10], and extremely effective for substitutions or small
msertions like epitope tags (Table 1). However, to create point
mutations we routinely use an alternative two-stage cycling
strategy similar to OEC, adapted from QuikChange [13,14]. It
uses one mutagenic primer and a shorter pre-existing one, often a
sequencing primer, to create a megaprimer by PCR, which then
generates the mutant plasmid by overlap extension. This normally
provides adequate efficiencies at minimal expense.

The LIC techniques tested in this study can be highly efficient
and technically simple, but can be compromised by problems such
as nicked vector plasmid background, cloning of primer-dimers
and amplification of non-specific PCR products. However, these
can be overcome through careful design, checking PCR products,
and taking additional measures accordingly. Primer-dimers and
non-specific products are only likely to be a problem if visible on
the agarose gel or with a Bioanalyzer. However, nicked copies of
the vector are often below the limit of detection, yet can still
generate significant unwanted background (data not shown).
Vector background colonies are generated when the vector
plasmid templates are amplified rather than just the insert, or
desired vector-backbone product (Figure 2). This potential
problem is most relevant to PIPE, due to a relatively low number
of transformants. The simplest effective method to reduce this
background for PIPE is to use less template. If that fails or if
greater robustness is desired, a restriction enzyme can be used to
first cut the template outside of the primer binding sites. Increasing
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the gap between the primers was also beneficial for our pUC18/
Kan reporter, likely due to the difficulty of amplifying larger
products in their entirety. We have previously observed higher
efficiencies when replacing genes rather than PIPE cloning into an
empty vector [6]. Using a vector containing an existing insert of
distinguishable size can be particularly beneficial if it includes the
lethal ccdB gene to select against vector background [1].
Non-specific PCR products and primer-dimers can be an
important problem. Primer-dimers had little effect on PIPE or
SLIC, likely due to their small size, such that they would lack the
5’-tails required for single-strand annealing and recombination.
However, even low concentrations of primer-dimer are of concern
for OEC, since cloning is extremely efficient for very small inserts,
which clone preferentially. Primer-dimers could be removed by gel
extraction or through pre-incubation with T4 polymerase to digest
primer-dimer. Larger non-specific products will also compete with
the desired insert in PIPE and SLIC, reducing cloning efficiency,
which may require gel extraction. In our experience, these non-
specific products can also be reduced through design of longer 3’
ends, increasing annealing temperatures, and reducing primer
concentration. To avoid the requirement for gel extraction or
PCR optimisation, alternative primer design can be used for
Quick and Clean Cloning [9], a more specific variant of SLIC.
This involves designing longer primers for one of the cloning
junctions where the vector overhang is complementary to the
region within the target insert PCR product, rather than insert
primer. The resulting fragments can still be joined because short
(~20 bp) ends of non-complementary sequence adjacent to the
desired sequence are removed and successful recombination can
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occur i viwo, as long as the internal complementary sequence is
single-stranded [2,9].

Ligation-independent cloning approaches constitute an essential
part of the biomedical researcher’s molecular-tool kit. With the
extremely high fidelity of modern polymerases and availability of
modular vector-specific primers, we find that ligation-independent
methods are preferable even for simple subcloning projects. Due to
their robustness, speed and low cost, they may largely supplant
restriction enzyme and ligation-dependent cloning in many
laboratories.
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Abstract

TA cloning is one of the simplest and most efficient
methods for the cloning of PCR products. The
procedure exploits the terminal transferase activity of
certain thermophilic DNA polymerases, including
Thermus aquaticus (Taq) polymerase. Tag polymerase
has non-template dependent activity which
preferentially adds a single adenosine to the 3'-ends
of adouble stranded DNA molecule, and thus most of
the molecules PCR amplified by Taqg polymerase
possess single 3'-A overhangs. The use of alinearized
“T-vector” which has single 3'-T overhangs on both
ends allows direct, high-efficiency cloning of PCR
products, facilitated by complementarity between the
PCR product 3'-A overhangs and vector 3'-T
overhangs. The TA cloning method can be easily
modified so that the same T-vector can be used to
clone any double-stranded DNA fragment, including
PCR products amplified by any DNA polymerase, as
well as all blunt- and sticky-ended DNA species. This
technique is especially useful when compatible
restriction sites are not available for the subcloning
of DNA fragments from one vector to another.
Directional cloning is made possible by appropriate
hemi-phosphorylation of both the T-vectors and the
inserts. With a single T-vector at hand, any DNA
fragment can be cloned without compromising the
cloning efficiency. The universal TA cloning method
is thus both convenient and labor-saving.

Introduction

The cloning of a DNA fragment into a plasmid vector is a
routine procedure in recombinant DNA technology. Cloning
methods can be divided into two classes, depending on
whether or not ligase is required. The most common
method for cloning and subcloning requires the use of DNA
ligase to covalently link the compatible ends of the DNA
fragment and the linearized plasmid, forming a single cyclic
molecule that is capable of autonomous replication in host
cells (1, 2). Recently, ligation-independent or ligase-free
cloning methods have been developed for the cloning of
polymerase chain reaction (PCR) amplified DNA fragments.
These ligation-independent methods involve the generation
of long (10-12 bases) protruding 3'-ends on PCR amplified
DNA fragments which are annealed specifically to
complementary DNA sequences of an appropriate plasmid
vector, and the annealed products are subsequently
transformed directly into competent cells. The application
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of the ligase-free procedure is limited by its requirement
for extra-long primer synthesis and enzymatic modification
steps (3-6).

There are two subclasses of ligase-dependent
methods employed for the covalent joining of a DNA insert
to a plasmid vector. One approach is cohesive-end ligation,
in which cohesive ends on the insert and plasmid are
generated by digestion with appropriate restriction
enzymes, and the complementary ends of the plasmid and
insert are then joined by DNA ligase. This approach is the
most efficient of the two. However, for every restriction
fragment having distinct cohesive ends, one linearized
plasmid vector compatible with that (those) particular
restriction site(s) has to be prepared. The other, less
efficient approach is blunt-end ligation in which blunt-ended
DNA fragments are ligated to a linearized blunt-ended
plasmid. Both of the ligase-dependent methods require
multiple purification and/or enzymatic modification steps.

Although the development of PCR made the rapid
amplification of DNA fragments generally quite simple, the
cloning of PCR products was often found to be quite difficult
using early technology. Several methods have now been
developed for the cloning of PCR-amplified DNA molecules,
including cohesive-end cloning by the introduction of
restriction sites at the 5'-ends of PCR primers (7), blunt-
end cloning (8, 9), ligation-independent cloning (3-6), and
TA cloning (10, 11, 12). It has been observed that many
DNA polymerases, including Thermus aquaticus (Tag) DNA
polymerase, are capable of adding an additional non-
template directed nucleotide to the 3'-ends of a blunt-ended
DNA fragment. Taq polymerase preferentially adds a single
3'-Ato blunt-ended, double-stranded DNA via this terminal
transferase-like activity (13, 14). Most of the PCR products
amplified by Taq polymerase thus possess a single 3'-A
overhang at both ends. To directly clone PCR products
which have 3'-A overhangs, one can use a linearized “T-
vector” which has a 3'-T overhang at each end (10, 11,
12). The complementarity between the vector 3'-T
overhangs and PCR product 3'-A overhangs allows direct
ligation of Tag-amplified PCR products into the T-vector,
and this strategy is commonly referred to as “TA cloning.”
The TA cloning strategy is both simple and much more
efficient than blunt-ended ligation for the cloning of PCR
products.

With minor modifications, the TA cloning method,
originally designed to facilitate the cloning of PCR products,
is easily converted to a universal cloning method (15). All
DNA fragments, with the exception of those with protruding
3'-ends, are directly converted to double stranded DNA
molecules having 3'-A overhangs by incubation with Tag
polymerase in the presence of the four dNTPs. These
modified inserts are then ligated to T-vectors. In the case
of DNA fragments having protruding 3'-ends, the DNA
fragments are first made blunt by incubation with T4 DNA
polymerase, and are then treated with Tag polymerase,
as described above (Figure 1). A cloning efficiency of up to
90% is routinely achieved. The universal TA cloning
technique is especially useful when compatible restriction
sites are not available for subcloning DNA fragments from
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Figure 1. Schematic diagram outlining the cloning procedures using universal T-vectors (see text for details).

one vector into another. Directional cloning is made
possible by the appropriate hemi-phosphorylation of both
the T-vectors and the inserts. Thus, with a single T-vector
at hand, any DNA fragment can be cloned without
compromising the cloning efficiency. The universal TA
cloning method is a convenient and labour-saving
alternative to traditional, restriction endonuclease-mediated
cloning strategies.

Protocols

Materials

dNTPs and ddTTP (United States Biochemical), high and
low melting temperature agaroses (Fisher Scientific). Tag
DNA polymerase (Promega), Terminal deoxynucleotidyl-
transferase (Boehringer Mannheim), T4 DNA ligase

(Promega), T4 DNA polymerase and Restriction enzymes
(New England Biolabs). Appropriate buffers are provided
or specified by the suppliers. Wizard DNA clean-up Kit,
Wizard PCR Preps Kit and Wizard Minipreps DNA
Purification Kit (Promega). One Shot or Ultracomp Top10F'
(Invitrogen). pBluescript (Stratagene), pcDNAS3 (Invitrogen).

Protocol 1: T-Vector Preparation

You may choose any plasmid which satisfies your needs
as long as the plasmid contains a unique blunt-end
restriction site in the multiple cloning sites polylinker (for
example, the EcoR V site of the pBluescript plasmid, which
has blue/white color selection, may be used for cloning).
For expression in eukaryotic cells the pcDNAS plasmid can
be used. The T-vectors are prepared in batch and stored
as aliquots at -20°C for future use.



Digest Plasmids with Blunt-End Restriction Enzyme
1. In a 1.5 ml microcentrifuge tube, add:

plasmid DNA 10 ug
10X EcoR V buffer 5 ul
EcoR V 50 units
water to final total volume of 50 ul

Mix by gentle vortex and centrifuge briefly.

2. Incubate at 37°C for 1-2 h.

3. After 1 h of digestion, 1-2 pl of mix are taken and run
on a 1% agarose gel to make sure the digestion is
complete.

4. Add 2 ul of 0.5 M EDTA to the tube at the end of
digestion.

Purification of Blunt-Ended Plasmid DNA

We routinely use the Wizard DNA Clean-up System to purify

DNA, and the major steps are listed below. When using

the Wizard DNA Clean-up Kkit, it is important to elute the

DNA from the resin with water. EDTA in the TE buffer will

chelate Mg*+, thus reducing the working concentration of

Mg** in the next enzyme incubation step. The phenol/

chloroform extraction and ethanol precipitation method also

works well.

1. Add 1 ml of well mixed Wizard DNA Clean-up resin to
the tube containing the enzyme digestion products,
and mix by inverting for 1 min.

2. Attach a 3 ml disposable syringe barrel (without the
plunger) to the minicolumn provided, and insert the tip
of the minicolumn/syringe barrel assembly into a
vacuum manifold.

3. Pipet the DNA/resin mix into the syringe barrel. Apply
the vacuum to draw the mix into the minicolumn.

4. Pipet 2 ml of 80% isopropanol into the syringe barrel,
and apply the vacuum to draw the solution through
the minicolumn.

5.  Remove the syringe barrel and transfer the minicolumn
to a 1.5 ml centrifuge tube. Centrifuge the minicolumn
for 2 min at 12,000 x g.

6. Attach the minicolumn to the vacuum source, and apply
the vacuum for another 2 min.

7. Transfer the minicolumn to a new 1.5 ml
microcentrifuge tube, add 50 pl of water (pre-warmed
to 65°C) to the minicolumn, and wait for 1 min.
Centrifuge the minicolumn for 20 s at 12,000 x g. The
DNA is collected in the microcentrifuge tube.

Addition of T-overhangs to the Blunt-ended Plasmid Vector
Two widely used methods are described. The first method
employs terminal deoxynucleotidyl-transferase (TdT) and
dideoxythymidine triphosphate (ddTTP) to add a ddT
residue to the blunt-ended plasmid, which ensures the
addition of only a single T residue (10). In the second
method, Tag polymerase and dTTP are used to add a 3'-T
to the blunt-ended plasmid (11 ). Since Taqg polymerase
adds the 3'-T residues inefficiently, only a portion of the
blunt-ended plasmids are T-tailed at both ends, whereas
the remainder are T-Tailed only at one end or do not have
T-tails at all. Therefore, the vectors without T-overhangs
are eliminated from the T-vectors by gel purification after
self-ligation and/or concatemerization by incubation with
T4 DNA ligase (16 ). Unlike Taq polymerase, terminal
transferase adds ddT to 3'-ends very efficiently. Therefore
consistent and high cloning efficiency is obtained using T-
vectors prepared by TdT, even without ligation and gel
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purification steps. However, the efficiency can be further
increased by incubation with T4 DNA ligase, followed by
gel separation.

A. Terminal Transferase Method
This method originated from Holton and Graham (10), with
minor modifications in our laboratory. Terminal transferase
from Boehringer Mannheim is strongly recommended. TdT
from other sources may not work as well. The final
concentration of ddTTP in the reaction is 20 yM; higher
concentrations are unnecessary.

1. Pipet 46 ul of purified blunt-ended plasmid DNA (from
step 7 of “ Purification of Blunt-ended Plasmid DNA”)
into a 1.5 ml centrifuge tube (if the volume is less, add
sterile water to bring the volume to 46 pl), then mix
the following reagents:

purified Blunted plasmid DNA 46 ul

5 X TdT buffer 15 pl
25 mM CoCl, 7.5 ul
1 mM ddTTP 1.5 ul

Terminal Transferase (25 U/ul) 5 pl
Mix by gentle vortexing and centrifuge briefly.
2. Incubate at 37°C for 1.5 h, then proceed to the
“Purification of the T-tailed Vectors” (see below).

B. Taq Polymerase Method
1. Adjust the volume of the purified blunted plasmid DNA
(from step 7 of “Purification of Blunt-ended Plasmid
DNA”) to 83 pul by adding sterile water, then mix the
following reagents:
Purified blunted plasmid DNA 83 ul
10 x PCR buffer (MgCl, free) 10 ul

50 mM MgCl, 5ul
100 mM dTTP 1l
Taq polymerase (5 U/pl) 1pl

Mix well and centrifuge briefly.
2. Incubate at 72°C for 2 h, then proceed to the
“Purification of the T-tailed Vectors” (see below).

Purification of the T-tailed Vectors

The T-tailed plasmid DNA solution obtained by any one of
the methods described above is purified by employing the
Wizard DNA Clean-up System as described above or
phenol/chloroform extraction and ethanol precipitation.

Ligation of Vectors without T-tails
If you use the Taqg polymerase method to make the T-
vectors, removal of the vectors without T-tails is necessary
and improves the cloning efficiency up to 80% (16). If the
terminal transferase method and a plasmid without blue/
white selection (for example pcDNA3) is used to make T-
vectors, the cloning efficiency is about 70%, without further
purification. Elimination of the vectors without T-overhangs
by gel separation, following incubation with T4 DNA ligase,
increases the cloning efficiency to 90%. If you use the
terminal transferase method to make T-vectors, and the
plasmid has blue/white selection capabilities, ligation and
gel purification may not be necessary (Go directly to
“Quantification and Storage of the Purified T-vector” below
if time savings is desired).
1. To a 1.5 ml microcentrifuge tube, add

T-tailed plasmid DNA (as purified above) 44 pul

10x ligase buffer 5 ul

T4 DNA ligase (3 U/ul) 1l
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Mix well and centrifuge briefly.
2. Incubate at 16°C overnight.

Separation and Recovery of T-vectors on an Agarose Gel
T-vectors are separated from the self-ligated and
concatemerized plasmid DNA on a 1% agarose gel. The
T-vector band is cut out and recovered using the Wizard
PCR Preps Kit.

1. Separate the ligation mixture (from above) on a 1%
low-melting agarose gel with 0.5 pg/ml of ethidium
bromide. Run the gel in TAE buffer at 5 volts/cm.

2. Visualize the DNA bands with a hand-held long wave
(365 nm) UV light. Excise the T-vector band with a
sterile scalpel. Transfer the gel slice to a 2 ml
microcentrifuge tube.

3. Incubate the gel slice in a 65°C water bath for 5 min,
or until melted.

4. Add 1 ml of Wizard PCR preparation resin (which has
been thoroughly mixed) to the melted agarose slice.
Mix thoroughly by inverting for 1 min.

5. Follow steps 2'to 7 of the “ Purification of Blunt-Ended
Plasmid DNA” to complete the purification.

Quantification and Storage of the Purified T-vector

The concentration of the purified T-vector or other DNA
can be conveniently estimated by running an aliquot of the
DNA side by side with a known amount of a DNA standard
in a 1% agarose gel, and then comparing the relative
brightnesses of the bands. The electrophoresis is run at a
higher than normal voltage for a short time (usually 10-15
min) to allow the DNA to more efficiently migrate into the
gel. Standard loading buffer contains bromphenol blue and
xylene cyanol which may interfere with the visualization of
band brightness. Therefore, it is strongly suggested that a
6 X loading buffer without these dyes be used for
quantification purposes. The T-vectors are aliquoted and
stored at -20°C to reduce multiple freeze-thaw cycles.

1. Run 1 pl of the purified T-vector and a known amount
of standard DNA side by side (use loading buffer without
any dyes) in a 1% agarose gel at 10 volts/cm for 10-15
min.

2. Compare the band brightnesses to determine the
concentration of the T-vector.

3. Aliquot the T-vector to several tubes and store them
at -20°C.

Protocol 2: TA Cloning Procedure
Preparation of Source DNA
A. DNA Fragments from Restriction Enzyme Digest

Usually two restriction enzymes are needed to release
the insert DNA. It is frequently possible to choose a buffer
in which the two enzymes will remain active, and therefore
the two enzyme digestions can be carried out
simultaneously. The protocol described below gives an
example of two digestions performed in the same buffer.
In cases of either buffer or temperature incompatibility,
separate digestions may be required. The reader is advised
to refer to some basic manuals (1). If the insert has one or
two 3'-overhangs, they must be removed with T4 DNA
polymerase.
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1. Ina 1.5 ml microcentrifuge tube, add:

DNA 5ug
10 X buffer 4 ul
Enzyme 1 20 Units
Enzyme 2 20 Units

sterile water to final total volume of 40 ul
Mix well and centrifuge briefly.
2. Incubate at the recommended temperature
(usually 37°C) for 1-2 h. If the enzymes produce inserts
with 5'-overhangs or blunt-ends, proceed to the gel
purification step. If inserts have 3'-overhang(s),
continue with steps 3 to 5.
3. Steps 3 to 5 are only for the enzymes which
produce insert DNAs with 3'-overhangs. Put the above
digestion solution on ice, and add:
dNTP mix, 10 mM each 0.5 ul
T4 DNA polymerase 6 Units
Mix well and centrifuge briefly.
4. Incubate at 11°C for 20 min.
5. Add 2 plof 0.5 M EDTA to stop the reaction. Then
proceed to “Separation and Recovery of DNA
Fragments from an Agarose Gel”.

B. DNA Fragments Amplified by PCR

Large amounts of DNA can be obtained by PCR. Many
variations and applications of this technique, such as RT-
PCR (reverse transcription PCR), 5'-RACE (rapid
amplification of 5'-cDNA ends), and XL-PCR (extra long
PCR), have been developed to serve various needs. A
successful PCR amplification starts with the selection of
appropriate primer pairs and then optimization of the PCR
conditions (such as annealing temperature, extension time,
and Mg** concentration). Several thermal stable enzymes
such as Tagq, Vent, pfu, and Tthpolymerases, are available.
General PCR references should be consulted to select the
enzyme best suited to your needs (17, 18). After successful
PCR amplification, proceed to the next stage to clone the
amplified DNA product.

Separation and Recovery of DNA Fragments from an
Agarose Gel

The desired DNA fragments from restriction digestion are
separated from other DNA fragments by agarose gel
electrophoresis and the desired bands are cut out and
recovered. PCR products consisting of a single specific
band amplified by Taq polymerase can be directly ligated
to T-vectors. However, the removal of the impurities such
as primers and trace amounts of nonspecific products by
gel separation or the use of direct DNA clean-up systems
increases the percentage of colonies containing the correct
inserts. If you use a thermo-stable DNA polymerase which
does not preferentially add a 3'-A at the ends of the PCR
products, removal of that enzyme by either gel separation
or use of a direct DNA clean-up system is essential. When
two or more desired PCR products are amplified in the
same PCR reaction, or when the nonspecific amplification
products are abundant enough to be visualized on a gel, it
is necessary to purify the desired DNA fragments by gel
electrophoresis (to avoid screening the positive colonies
later by more complicated hybridization procedures). Purify
and recover the DNA from agarose gels as described in
the “Separation and Recovery of T-vectors on an Agarose
Gel” section of protocol 1. In addition, the concentration of
the purified DNA is estimated as described in protocol 1.
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A-tailing of the Purified DNA using Taq Polymerase
In the presence of all four dNTPs, Taq polymerase will first
fill in the 3'-recessed bases of the DNA fragment with 5'-
overhangs and then preferentially add A’s to the 3'-ends.
Alternatively, the Tag enzyme will add an A directly to the
3'-ends of a blunt-ended DNA fragment. In the case of PCR
products or blunt-ended fragments, only dATP is necessary
in the incubation mixture. However, a mixture of dNTPs
works well in all cases, since Taqg polymerase preferentially
adds an Ato the 3'-ends in the presence of all four dNTPs.
Before starting this step, calculate the concentration
of the DNA fragment needed in a 10 il ligation reaction to
give a 1:2 molar ratio of the T-vector to the inserts. Since
no more than 2 ul of A-tailed DNA is used in the ligation
reaction, the final concentration of the DNA fragment in
the A-tailing reaction mixture should be adjusted so that
the amount of DNA fragment required for ligation will be
contained in a volume of 2 pl or less. Should the DNA
concentration be too low, you may concentrate the DNA
before the Taqg polymerase incubation step.
1. To a 0.5 ml sterile centrifuge tube, add:

Purified DNA fragment 7.7 pl
10 X PCR buffer, Mg*+- free 1 ul
25 mM MgCl, 1pl
dNTP mix, 10 mM each 0.2 ul
Taq polymerase (5 U/ul) 0.1 ul

Mix well and centrifuge briefly.
2. Incubate at 72°C for 25 min, then transfer the tube to
ice.

Ligation of the A-tailed DNA Fragment to the T-vector
Usually 50-60 ng of T-vector is enough for each ligation. A
1:2 molar ratio of T-vector to insert DNA is recommended,
but do not add more than 2 pl of A-tailed DNA solution in a
10 ul ligation (see notes in previous section).

1. In a sterile 0.5 ml microcentrifuge tube, add

10 X ligation buffer 1ul
A-tailed DNA (from previous step) <2 ul
T-vector 60 ng
T4 DNA ligase (2-3 U/ul) 1 ul

Sterile waterto final total volume of 10 pl
Mix gently and centrifuge briefly.
2. Incubate at 14°C for 16 h or overnight. You may store
the tube at -20°C if you do not plan to transform the
cells immediately.

Transformation of the Ligated Vector

LB agar plates with appropriate antibiotics (most commonly
100 pg/ml of ampicillin) should be available and warmed
to room temperature. If a plasmid with blue/white color
selection is used, the LB plates should be spread with 5-
bromo-4-chloro-3-indolyl-p-D-galactoside (X-Gal) and
isopropylthio-p-D-galactoside (IPTG) before
transformation. A 42°C water bath should be available for
the transformation.

When a control ligation reaction with the T-vector alone
is transformed, a considerable number of colonies may be
obtained. When ligating inserts to the T-vectors, up to 90
% colonies should be positive. A successful ligation and
transformation should yield hundreds of colonies. When
few colonies are obtained, the ligase activity or the
competency of the cells should be checked.

1. Thaw on ice one 50 pl aliquot of appropriate frozen
competent cells (for example, Top 10F') for each

ligation reaction.

2. Add 2 ulof 0.5 M p-mercaptoethanol to the competent
cells and mix by stirring gently with the pipette tip.

3. Add 2 ul of the ligation reaction to the competent cells,
and mix gently by stirring with the pipette tip.

4. Incubate on ice for 30 min.

5. Heat shock the cells for 30 s in the 42°C water bath,
then immediately place the cells on ice for 2 min.

6. Add 450 pl of SOC medium to the transformed cell
vial.

7. Shake the cells at 37°C for 45-60 min at 225 rpm in a
rotary shaking incubator.

8. Spread 100 ul of the transformed cells on each labeled
LB-ampicillin plate. If plasmid with blue/white selection
is used, the LB-plates should be spread with X-Gal
and IPTG before spreading the cells.

9. Invert the plates and place them in a 37°C incubator
overnight.

Identification of Positive Colonies

After transformation, the positive colonies may be identified
either by restriction mapping of the miniprepared plasmids
or screening by PCR. PCR screening can be carried out
with primers that flank the vector cloning sites. In the case
of the pBluescript plasmid, T3 and T7 primers may be used
(19). The length of the amplified PCR product of a positive
clone will be the size of the insert plus the bases flanking
the two primers on the plasmid. This method is rapid, but
may not work in some cases, especially when the insert is
very large. Specific primers for the cloned insert may also
be used as PCR screening primers. For screening by
restriction mapping, plasmids are miniprepared, the insert
is released by digestion with two unique restriction enzymes
from the multiple cloning sites, and the insert size is
confirmed by agarose gel electrophoresis. The orientation
of the insert in the plasmid can also be determined by
appropriate restriction digestion, in some cases. If needed,
the orientation and identity of the clone may be further
confirmed by sequencing. Because of the high cloning
efficiency, in most cases only four to six colonies need to
be screened.

Screening by Restriction Mapping

1. Randomly pick 4-6 colonies (in case of blue/white
color selection, pick white colonies), and grow
overnight at 37°C in 4 ml of LB medium with 50
pg/ml of ampicillin.

2. Pellet 2-3 ml of the cells by centrifuging for 2 min
at top speed in a microcentrifuge. Isolate plasmids
using Wizard Minipreps DNA purification system.
The remaining cells may be stored at 4°C for 1-2
days. For long term storage, add glycerol to 15%,
and store at -70°C.

3. Isolate plasmid DNA and digest 10-50% of the total
preparation with the appropriate restriction
enzymes.

4. Run an agarose gel to determine which colonies
have the correct insert size and/or orientation.

5. Confirm the clone by sequencing when necessary.



Notes

The universal TA cloning procedure relies on the
assumption that all DNA fragments can be easily converted
to double stranded DNA with single 3'-A overhangs at each
end, and thus the T-vector becomes a ready-for-ligation
universal cloning vector. The T-vectors can be prepared in
bulk and stored as aliquots at -20°C for future use. Long
term storage may decrease the cloning efficiency and
increase the background. New batches of T-vectors may
be prepared using either the terminal transferase or Taq
polymerase methods. T-vectors prepared employing
terminal transferase produce more consistent results than
those prepared by Taqg polymerase. TA cloning kits which
are convenient and have a high cloning efficiency are
commercially available. However, cost may be a factor to
consider.

The insert DNA may be ligated to the T-vectors in either
direction, and TA cloning is thus ideal when both
orientations of the insert DNA in the plasmid are required.
The orientation of the insert in the plasmid can be
determined by sequencing, and in some cases, it can be
simply determined by restriction mapping. Unidirectional
TA cloning can be achieved by hemi-phosphorylation of
one end and dephosphorylation of the other end of both
the T-vectors and the insert (Figure 2). Thus, only ligation
in the designated direction can form a cyclic plasmid (with
two nicks) which can be efficiently transformed into
competent cells. The other ligation products will be linear
heterodimers which can not be efficiently transformed into
host cells. Hemi-phosphorylated T-vectors may be
prepared by the Taqg polymerase method as illustrated in
Figure 2. The terminal transferase method is not suitable
for the preparation of the hemiphosphorylated T-vectors,
because the presence of 3'-ddT at the terminus of one
strand and the lack of a 5'- phosphate on the other strand
will prevent the formation of transformable cyclic plasmids.
To prepare the PCR product for directional TA cloning, a
single phosphorylated PCR primer, which can be prepared
employing T4 polynucleotide kinase, is used to generate a
hemi-phosphorylated PCR product. For DNA generated
by restriction digestion, the substrate is first digested with
one enzyme, dephosphorylated with alkaline phosphatase,
and then digested with the second enzyme (Figure 2; Note:
The alkaline phosphatase must be inactivated before the
second enzyme digestion). The rest of the procedures will
be the same as for the bi-directional TA cloning protocols.
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Zinc-finger nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENs) comprise a powerful
class of tools that are redefining the boundaries of
biological research. These chimeric nucleases are com-
posed of programmable, sequence-specific DNA-binding
modules linked to a nonspecific DNA cleavage domain.
ZFNs and TALENSs enable a broad range of genetic mod-
ifications by inducing DNA double-strand breaks that
stimulate error-prone nonhomologous end joining or
homology-directed repair at specific genomic locations.
Here, we review achievements made possible by site-
specific nuclease technologies and discuss applications
of these reagents for genetic analysis and manipulation.
In addition, we highlight the therapeutic potential of
ZFNs and TALENSs and discuss future prospects for the
field, including the emergence of clustered regulatory
interspaced short palindromic repeat (CRISPR)/Cas-
based RNA-guided DNA endonucleases.

Classical and contemporary approaches for establishing
gene function

With the development of new and affordable methods for
whole-genome sequencing, and the design and implemen-
tation of large genome annotation projects, scientists are
poised to deliver upon the promises of the genomic revolu-
tion to transform basic science and personalized medicine.
The resulting wealth of information presents researchers
with a new primary challenge of converting this enormous
amount of data into functionally and clinically relevant
knowledge. Central to this problem is the need for efficient
and reliable methods that enable investigators to deter-
mine how genotype influences phenotype. Targeted gene
inactivation via homologous recombination is a powerful
method capable of providing conclusive information for
evaluating gene function [1]. However, the use of this
technique has been hampered by several factors, including
the low efficiency at which engineered constructs are cor-
rectly inserted into the chromosomal target site, the need
for time-consuming and labor-insensitive selection/screen-
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ing strategies, and the potential for adverse mutagenic
effects. Targeted gene knockdown by RNAI (see Glossary)
has provided researchers with a rapid, inexpensive, and
high-throughput alternative to homologous recombination
[2]. However, knockdown by RNAi is incomplete, varies
between experiments and laboratories, has unpredictable
off-target effects, and provides only temporary inhibition of
gene function. These restrictions impede researchers’ abil-
ity to link directly phenotype to genotype and limit the
practical application of RNAi technology.

Glossary

CRISPR/Cas (CRISPR associated) systems: clustered regulatory interspaced
short palindromic repeats are loci that contain multiple short direct repeats,
and provide acquired immunity to bacteria and archaea. CRISPR systems rely
on crRNA and tracrRNA for sequence-specific silencing of invading foreign
DNA. Three types of CRISPR/Cas systems exist: in type |l systems, Cas9 serves
as an RNA-guided DNA endonuclease that cleaves DNA upon crRNA-tracrRNA
target recognition.

crRNA: CRISPR RNA base pairs with tracrRNA to form a two-RNA structure that
guides the Cas9 endonuclease to complementary DNA sites for cleavage.
DSB: the product of ZFN, TALEN, and CRISPR/Cas9 action, double-strand
breaks are a form of DNA damage that occurs when both DNA strands are
cleaved.

HDR: homology-directed repair is a template-dependent pathway for DSB
repair. By supplying a homology-containing donor template along with a site-
specific nuclease, HDR faithfully inserts the donor molecule at the targeted
locus. This approach enables the insertion of single or multiple transgenes, as
well as single nucleotide substitutions.

NHEJ: nonhomologous end joining is a DSB repair pathway that ligates or
joins two broken ends together. NHEJ does not use a homologous template for
repair and thus typically leads to the introduction of small insertions and
deletions at the site of the break, often inducing frame-shifts that knockout
gene function.

PAM: protospacer adjacent motifs are short nucleotide motifs that occur on
crRNA and are specifically recognized and required by Cas9 for DNA cleavage.
RNAi: RNAI is the process by which RNA molecules inhibit or knockdown gene
expression. More broadly, RNAi is a natural mechanism that occurs in
response to the introduction of many types of RNA molecules into cells.
TALENSs: transcription activator-like effector nucleases are fusions of the Fokl
cleavage domain and DNA-binding domains derived from TALE proteins.
TALEs contain multiple 33-35-amino-acid repeat domains that each recognizes
a single base pair. Like ZFNs, TALENs induce targeted DSBs that activate DNA
damage response pathways and enable custom alterations.

tracrBRNA: trans-activating chimeric RNA is noncoding RNA that promotes
crRNA processing and is required for activating RNA-guided cleavage by Cas9.
ZFNs: zinc-finger nucleases are fusions of the nonspecific DNA cleavage
domain from the Fokl restriction endonuclease with zinc-finger proteins. ZFN
dimers induce targeted DNA DSBs that stimulate DNA damage response
pathways. The binding specificity of the designed zinc-finger domain directs
the ZFN to a specific genomic site.

ZFNickases: zinc-finger nickases are ZFNs that contain inactivating mutations
in one of the two Fokl cleavage domains. ZFNickases make only single-strand
DNA breaks and induce HDR without activating the mutagenic NHEJ pathway.
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In the past decade, a new approach has emerged that
enables investigators to manipulate virtually any gene in a
diverse range of cell types and organisms. This core tech-
nology — commonly referred to as ‘genome editing’ — is
based on the use of engineered nucleases composed of
sequence-specific DNA-binding domains fused to a nonspe-
cific DNA cleavage module [3,4]. These chimeric nucleases
enable efficient and precise genetic modifications by induc-
ing targeted DNA double-strand breaks (DSBs) that stim-
ulate the cellular DNA repair mechanisms, including
error-prone nonhomologous end joining (NHEJ) and ho-
mology-directed repair (HDR) [5]. The versatility of this
approach is facilitated by the programmability of the DNA-
binding domains that are derived from zinc-finger and
transcription activator-like effector (TALE) proteins. This
combination of simplicity and flexibility has catapulted
zinc-finger nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENSs) to the forefront of genetic
engineering. Here, we review recent advances in site-spe-
cific nuclease technologies and discuss applications of
these reagents for targeted genome engineering and anal-
ysis in eukaryotic cells and model organisms. We also
discuss the therapeutic potential of these technologies
and examine future prospects, including the development
and application of clustered regulatory interspaced short
palindromic repeats CRISPR/Cas (CRISPR-associated)-
based RNA-guided DNA endonucleases.

Custom DNA-binding domains

The versatility of ZFNs and TALENs arises from the
ability to customize the DNA-binding domain to recognize
virtually any sequence. These DNA-binding modules can
be combined with numerous effector domains to affect
genomic structure and function (Box 1), including
nucleases, transcriptional activators and repressors,
recombinases, transposases, DNA and histone methyl-
transferases, and histone acetyltransferases. Thus, the
ability to execute genetic alterations depends largely on
the DNA-binding specificity and affinity of designed zinc-
finger and TALE proteins. Below, we highlight several of
the most successful approaches for assembling these mod-
ular DNA-binding domains.

Cys,—His, zinc-finger proteins

The Cyso—His, zine-finger domain is among the most com-
mon types of DNA-binding motifs found in eukaryotes and
represents the second most frequently encoded protein
domain in the human genome. An individual zinc-finger
consists of approximately 30 amino acids in a conserved
BBa configuration [6] (Figure 1A). Several amino acids on
the surface of the a-helix typically contact 3 bp in the major
groove of DNA, with varying levels of selectivity. The
modular structure of zinc-finger proteins has made them
an attractive framework for the design of custom DNA-
binding proteins. Key to the application of zinc-finger
proteins for specific DNA recognition was the development
of unnatural arrays that contain more than three zinc-
finger domains. This advance was facilitated by the struc-
ture-based discovery of a highly conserved linker sequence
that enabled construction of synthetic zinc-finger proteins
that recognized DNA sequences 9-18 bp in length [7].
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Because 18 bp of DNA sequence can confer specificity
within 68 billion bp of DNA, this method allowed for
specific sequences to be targeted in the human genome
for the first time [8,9]. Although initially controversial [10],
this design has proven to be the optimal strategy for
constructing zinc-finger proteins that recognize contiguous
DNA sequences that are specific in complex genomes [6—
9,11-15].

Following this proof-of-principle work, several methods
for constructing zinc-finger proteins with unique DNA-
binding specificity were developed. The ‘modular assembly’
approach involves the use of a preselected library of zinc-
finger modules generated by selection of large combinato-
rial libraries or by rational design [6,16]. Because zinc-
finger domains have been developed that recognize nearly
all of the 64 possible nucleotide triplets, preselected zinc-
finger modules can be linked together in tandem to target
DNA sequences that contain a series of these DNA triplets
[6,8,13—-15,9]. Alternatively, selection-based approaches,
such as oligomerized pool engineering (OPEN) can be used
to select for new zinc-finger arrays from randomized librar-
ies that take into consideration context-dependent inter-
actions between neighboring fingers [17]. Approaches have
also been developed that combine the methods described
above, utilizing zinc-finger modules preselected for con-

Box 1. Beyond nucleases: recombinases, transposases, and
transcription factors

Site-specific nucleases are currently the most well-characterized,
widely used and broadly applicable tool for inducing custom
modifications in cells and model organisms. However, several
limitations of targeted nucleases are driving the development of
alternative types of programmable enzymes for genome engineer-
ing. For example, off-target effects created by site-specific nucleases
can be toxic to cells, and difficult to predict and monitor
comprehensively. Additionally, because targeted nucleases rely on
NHEJ and HDR to induce genetic alterations, this technology may be
limited by the availability of the desired DNA repair mechanism in
particular cell types. To address these concerns, zinc-finger proteins
and TALEs have been fused to enzymatic domains, including site-
specific recombinases [28,109-111] and transposases [116], that
catalyze DNA integration, excision, and inversion. Because these
enzymes perform DNA cleavage and religation autonomously,
potentially toxic DNA DSBs should not accumulate in the genome.
Additionally, for applications that require targeted gene addition,
recombinase and transposase activity is marked by the insertion of
donor DNA into the genome, thereby enabling off-target effects to
be monitored directly. Moreover, the mechanism of recombination
and transposition is independent of cellular DNA repair pathways.
As a result, these approaches should be functional in nearly any cell
type and cell cycle stage. The efficiency of these processes can also
be improved by directed evolution [117]. However, in order for
recombinases and transposases to achieve the level of general
utility afforded by site-specific nucleases, significant improvements
in their performance and flexibility are needed. In particular,
recombinase catalytic domains retain sequence specificity from
the parental enzyme, and require significant re-engineering toward
user-defined DNA targets [109,111]. Although transposase fusions
demonstrate high activity at their intended genomic targets, these
chimeric proteins also suffer from significant off-target activity
[118]. Finally, synthetic zinc-finger and TALE transcription factors
offer an alternative approach for inducing targeted modifications by
providing stringent control over gene expression
[6,8,9,26,27,114,115]. Collectively, these proteins and enzymes
represent an exciting suite of tools that can be customized for
diverse genome engineering applications.
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Figure 1. Structure of zinc-finger and transcription activator-like effectors (TALEs). (A) (Top) Designed zinc-finger protein in complex with target DNA (grey) (PDB ID: 2113).
Each zinc-finger consists of approximately 30 amino acids in an BBa arrangement (inset). Surface residues (-1, 2, 3 and 6) that contact DNA are shown as sticks. Each zinc-
finger domain contacts 3 or 4 bp in the major groove of DNA. The side chains of the conserved Cys and His residues are depicted as sticks in complex with a Zn?* ion
(purple). (B) Cartoon of a zinc-finger nuclease (ZFN) dimer bound to DNA. ZFN target sites consist of two zinc-finger binding sites separated by a 5-7-bp spacer sequence
recognized by the Fokl cleavage domain. Zinc-finger proteins can be designed to recognize unique ‘left’ and ‘right” half-sites. (C) (Top) TALE protein in complex with target
DNA (grey) (PDB ID: 3UGM). Individual TALE repeats contain 33-35 amino acids that recognize a single base pair via two hypervariable residues (repeat-variable diresidues;
RVDs) (shown as sticks) (inset). (D) Cartoon of a TALE nuclease (TALEN) dimer bound to DNA. TALEN target sites consist of two TALE binding sites separated by a spacer
sequence of varying length (12-20 bp). TALEs can be designed to recognize unique left and right half-sites. RVD compositions are indicated.

text-dependency to assemble longer arrays by modular
assembly [18,19]. For many years, zinc-finger protein tech-
nology was the only approach available to create custom
site-specific DNA-binding proteins and enzymes. Engi-
neered zinc fingers are also available commercially; San-
gamo Biosciences (Richmond, CA, USA) has developed a
propriety platform (CompoZr) for zinc-finger construction
in partnership with Sigma—Aldrich (St. Louis, MO, USA),
allowing investigators to bypass zinc-finger construction
and validation altogether, and many thousands of proteins
are already available. Broadly, zinc-finger protein technol-
ogy enables targeting of virtually any sequence.

TALEs

The recent discovery of a simple modular DNA recognition
code by TALE proteins [20,21] has led to the explosive
expansion of an alternative platform for engineering pro-
grammable DNA-binding proteins. TALEs are naturally
occurring proteins from the plant pathogenic bacteria
genus Xanthomonas, and contain DNA-binding domains
composed of a series of 33—35-amino-acid repeat domains
that each recognizes a single base pair (Figure 1B). TALE
specificity is determined by two hypervariable amino acids
that are known as the repeat-variable di-residues (RVDs)
[22,23]. Like zinc fingers, modular TALE repeats are
linked together to recognize contiguous DNA sequences.
However, in contrast to zinc-finger proteins, there was no
re-engineering of the linkage between repeats necessary to
construct long arrays of TALEs with the ability of targeting
single sites in a genome. Following nearly two decades of
pioneering work based on zinc-finger proteins, numerous
effector domains have been made available to fuse to TALE
repeats for targeted genetic modifications, including

nucleases [24—26], transcriptional activators [26,27], and
site-specific recombinases [28]. Although the single base
recognition of TALE-DNA binding repeats affords greater
design flexibility than triplet-confined zinc-finger proteins,
the cloning of repeat TALE arrays presents an elevated
technical challenge due to extensive identical repeat
sequences. To overcome this issue, several methods have
been developed that enable rapid assembly of custom
TALE arrays. These strategies include ‘Golden Gate’ mo-
lecular cloning [29], high-throughput solid-phase assembly
[30,31], and ligation-independent cloning techniques [32].
Several large, systematic studies utilizing various assem-
bly methods have indicated that TALE repeats can be
combined to recognize virtually any user-defined sequence
[30,32]. The only targeting limitation for TALE arrays for
which there is consensus in the literature is that TALE
binding sites should start with a T base. Indeed, the ease
with which TALE repeats can be assembled is evident in a
recent study reporting the construction of a library of
TALENs targeting 18 740 human protein-coding genes
[33]; a technological feat that will not only facilitate nu-
merous new studies, but will also encourage other, equally
ambitious endeavors. Custom-designed TALE arrays are
also commercially available through Cellectis Bioresearch
(Paris, France), Transposagen Biopharmaceuticals (Lex-
ington, KY, USA), and Life Technologies (Grand Island,
NY, USA).

Genome editing with site-specific nucleases

Historically, targeted gene inactivation, replacement, or
addition has been achieved by homologous recombination;
however, the low efficiency of homologous recombination in
mammalian cells and model organisms dramatically limits
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Figure 2. Overview of possible genome editing outcomes using site-specific nucleases. Nuclease-induced DNA double-strand breaks (DSBs) can be repaired by homology-
directed repair (HDR) or error-prone nonhomologous end joining (NHEJ). (A) In the presence of donor plasmid with extended homology arms, HDR can lead to the
introduction of single or multiple transgenes to correct or replace existing genes. (B) In the absence of donor plasmid, NHEJ-mediated repair yields small insertion or
deletion mutations at the target that cause gene disruption. In the presence of double-stranded oligonucleotides or in vivo linearized donor plasmid, DNA fragments up to
14 kb have been inserted via NHEJ-mediated ligation. Simultaneous induction of two DSBs can lead to deletions, inversions and translocations of the intervening segment.

the utility of this approach. Following the discovery that
induction of a DSB increases the frequency of HDR by
several orders of magnitude, targeted nucleases have
emerged as the method of choice for improving the efficien-
cy of HDR-mediated genetic alterations. By co-delivering a
site-specific nuclease with a donor plasmid bearing locus-
specific homology arms [34], single or multiple transgenes
can be efficiently integrated into an endogenous locus
(Figure 2A). Linear donor sequences with <50 bp of homol-
ogy [35], as well as single-stranded DNA oligonucleotides
[36], can also be used to induce mutations, deletions, or
insertions at the target site. Significantly, nuclease-medi-
ated targeted integration normalizes for positional effects
that typically confound many types of genetic analysis and
enables study of structure—function relations in the com-
plex and native chromosomal environment. In addition to
their role in facilitating HDR, site-specific nucleases also
allow rapid generation of cell lines and organisms with null
phenotypes; NHEJ-mediated repair of a nuclease-induced
DSB leads to the introduction of small insertions or dele-
tions at the targeted site, resulting in knockout of gene
function via frameshift mutations [37] (Figure 2B). Site-
specific nucleases can also induce deletions of large chro-
mosomal segments [38,39]. This method has been shown to
support large chromosomal inversions [40] and transloca-
tions [41]. Finally, by synchronizing nuclease-mediated
cleavage of donor DNA with the chromosomal target, large
transgenes (up to 14 kb) have been introduced into various
endogenous loci via NHEJ-mediated ligation [42,43]. To-
gether, these approaches support the study of gene func-
tion and the modeling of disease states by altering genes to
mimic both known and as yet uncharacterized genotypes.
Many of these approaches have been extended to progeni-
tor cell types, including embryonic stem (ES) cells [44] and
induced pluripotent stem (iPS) cells [45,46], encouraging
their further development for modeling a broad range of
genetic conditions [47,48] (Table 1). Extension of this
technology to study the role of noncoding DNA in the
regulation and expression of coding genes can also be
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envisioned [49,50], including the use of multiplexed
approaches as a means to identify unknown regulatory
sites for genes of interest [51].

Improving the performance of site-specific nucleases

In order for customizable nucleases to carry relevance for
genetic analysis and clinical application, they must dem-
onstrate strict specificity toward their intended DNA tar-
gets. Complex genomes, however, often contain multiple
copies of sequences that are identical or highly homologous
to the intended DNA target, leading to off-target activity
and cellular toxicity. To address this problem, structure
[52,53] and selection-based [54,55] approaches have been
used to generate improved ZFN and TALEN heterodimers
with optimized cleavage specificity and reduced toxicity.
Our laboratory has utilized directed evolution to generate
a hyperactivated variant of the Fokl cleavage domain,
Sharkey, that exhibits a >15-fold increase in cleavage
activity in comparison to traditional ZFNs [55], and is
directly compatible with various ZFN architectures [54].
Furthermore, there is mounting evidence to suggest that
4-6 zinc-finger domains for each ZFN half enzyme signifi-
cantly enhances activity and specificity [13,55-57]. Addi-
tional methods for improving ZFN activity include the use
of transient hypothermic culture conditions to increase
nuclease expression levels [58], co-delivery of site-specific
nucleases with DNA end-processing enzymes [59], and the
use of fluorescent surrogate reporter vectors that allow for
the enrichment of ZFN- and TALEN-modified cells [60].
The specificity of ZFN-mediated genome editing has been
further refined by the development of zinc-finger nickases
(ZFNickases) [61-63], which take advantage of the finding
that induction of nicked DNA stimulates HDR [64] without
activating the error-prone NHEJ repair pathway. Conse-
quently, this approach leads to fewer off-target mutagene-
sis events than conventional DSB-induced methods for
genome editing; however, the frequency of HDR by
ZFNickases remains lower than those achieved with
traditional ZFNs. Finally, conventional DNA- and
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Table 1. Abbreviated list of examples of ZFN, TALEN, and CRISPR/Cas-mediated genome editing in human cells and model

organisms
T ot mositeaton__Joramism _JGees s
Gene disruption Human CCR5 [65,91,92]
TALEN [25,52]
CRISPR/Cas [101]
Human TCR (T cell receptor) ZFN [94,95]
Zebrafish gol (Golden), ntl (No tail), kra ZFN [66,68]
Pig GGTAT1 (a1, 3-galactosyltransferase) ZFN [77]
LDLR (LDL receptor) TALEN [76]
Bovine ACAN12, p65 TALEN [76]
Human EMX1, PVALB CRISPR/Cas [102]
Rat IgM, Rab38 ZFN [70]
Arabidopsis ADH1, TT4 ZFN [81]
C. elegans ben-1, rex-1, sdc-2 ZFN/TALEN [78]
Hamster DHFR ZFN [37]
Drosophila yellow ZFN [72]
Rice OsSWEET14 TALEN [84]
Gene addition Human OCT4, PITX3 ZFN/TALEN [45,46]
Human CCR5 ZFN [97]
Human F9 (Coagulation Factor IX) ZFN [86]
Mouse Rosa26 ZFN [57]
Human AAVS1 ZFN [45,96,97]
TALEN [46]
CRISPR/Cas [103]
Human VEGF-A ZFN [17]
Zebrafish th (tyrosine hydroxylase), fam46c, smad5 TALEN [80]
Maize IPK1 ZFN [82]
Gene correction Human IL2RG ZFN [44,85]
ATAT (as-antitrypsin) ZFN [89]
HBB (B-globin) ZFN [87,88]
SNCA (a-synuclein) ZFN [90]
Tobacco SuRA, SurRB (acetolactate synthase) ZFN [83]
Drosophila yellow ZFN [71]

mRNA-based methods for delivering ZFNs into cells are
restricted to certain cell types and are associated with
undesirable side effects, including insertional mutagene-
sis, toxicity, and low efficiency (Box 2). To address these
limitations, we recently developed a simple alternative
based on the direct delivery of purified ZFN proteins into
cells. This approach does not carry the risk of insertional
mutagenesis and leads to comparatively fewer off-target
effects than ZFN gene-delivery systems that rely on ex-
pression from nucleic acids [65]. This type of delivery
platform thus may represent an optimal strategy for stud-
ies that require precise genome engineering in cells.

Site-specific nucleases in model organisms

Site-specific nucleases have enabled the introduction of
targeted modifications in several model organisms com-
mon to biological research, including zebrafish [66-68],
rats and mice [69,70], Drosophila [71,72], Caenorhabditis
elegans [73], and many other species for various applica-
tions, including the monarch butterfly [74], frogs [75], and
livestock [76,77]. ZFNs and TALENs have also allowed
investigators to compare gene function across related spe-
cies, such as C. elegans and Caenorhabditis briggsae [78],
shedding light on the similarities and differences between
closely related organisms and making analyses between
orthologous gene pairs possible. By microinjecting single-
cell embryos with TALEN mRNA and single-stranded

DNA oligonucleotides [79] or donor plasmid with extended
(>800 bp) homology arms [80], TALENs have achieved
targeted integration in zebrafish, enabling the generation
of loxP engineered chromosomes and the possibility for
conditional gene activation in this model organism. In
addition to valuable animal models, both ZFNs and
TALENSs have been used to introduce targeted alterations
in plants, including Arabidopsis [81] and several crop
species [82,83], allowing the incorporation of valuable
traits, such as disease [84] and herbicide resistance
[82,83]. The diversity of organisms modified by these
site-specific nucleases will undoubtedly continue to grow,
expanding the repertoire of model systems for basic re-
search and knowledge of the intricacies and opportunities
of genome biology.

Therapeutic applications of site-specific nucleases

The use of site-specific nucleases for therapeutic purposes
represents a paradigm shift in gene therapy. Unlike con-
ventional methods, which either temporarily address dis-
ease symptoms or randomly integrate therapeutic factors
in the genome, ZFNs and TALENSs are capable of correcting
the underlying cause of the disease, therefore permanently
eliminating the symptoms with precise genome modifica-
tions. To date, ZFN-induced HDR has been used to directly
correct the disease-causing mutations associated with X-
linked severe combined immune deficiency (SCID) [85],
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Box 2. Methods for delivering site-specific nucleases into
cells

Although site-specific nucleases provide a means for introducing
diverse custom alterations at specific genomic locations, this
technology is still limited by methods for delivering these enzymes
into relevant cell types. Typically, nuclease-encoded genes are
delivered into cells by plasmid DNA, viral vectors, or in vitro
transcribed mRNA. The delivery method can be tailored to some
degree toward the application or cell type of interest; however, the
deficiencies of contemporary viral and nonviral gene delivery
systems restrict the possible applications of site-specific nucleases.
In particular, transfection of plasmid DNA or mRNA by electropora-
tion or cationic lipid-based reagents can be toxic and restricted to
certain cell types. Viral vectors also present limitations, because
they are complex, difficult-to-produce, potentially immunogenic,
and involve additional regulatory hurdles. Despite these difficulties,
clinical trials based on adenovirus-mediated ZFN gene delivery into
T lymphocytes are ongoing [91], however, future endeavors would
benefit greatly from improved delivery methods.

Integrase-deficient lentiviral vectors (IDLVs) are an attractive
alternative for delivering ZFNs into transfection-resistant cell types
[44]; however, this method does not appear to be compatible with
highly repetitive TALEN sequences [107]. Despite the apparent ease
with which TALENs can be engineered, these enzymes may prove
more difficult to deliver into cells than ZFNs. AAV is a promising
vector for ZFN delivery that has been used to enhance the efficiency
of ZFN-mediated HDR [108,119] and drive ZFN-mediated gene
correction in vivo [86]. Efficient packaging of AAV occurs only for
expression cassettes less than 4.2 kb in length. Although this is
sufficient to accommodate both ZFN monomers and an engineered
donor construct, only a single TALEN monomer with a minimal
promoter sequence can be inserted into this vector.

As an alternative to ZFN gene-delivery systems, our group
recently reported that purified ZFN proteins are capable of crossing
cell membranes and inducing endogenous gene disruption [65].
This approach has several advantages over gene-based delivery
methods. First, this approach reduces off-target activity by limiting
the time that cells are exposed to ZFNs and thus minimizing
opportunities for off-target activity. Second, this method circum-
vents the cell-type dependency and toxicity of viral and nonviral
gene delivery systems. Third, this approach overcomes several
safety and regulatory hurdles for developing ZFN-based therapies
by allowing the knockout of human genes without exposing cells to
any genetic material. It remains unknown whether purified TALEN
proteins can also introduced into cells in the same manner.

hemophilia B [86], sickle-cell disease [87,88], and «;-anti-
trypsin deficiency [89]. Moreover, ZFNs have been used to
genetically repair Parkinson’s disease-associated muta-
tions within the SNCA gene in patient-derived human
iPS cells [90]. Targeted gene knockout via ZFN-induced
NHEJ-mediated repair has also proven a potentially pow-
erful strategy for combating HIV/AIDs. ZFNs have been
used to confer HIV-1 resistance by disabling the HIV co-
receptor C-C chemokine receptor type 5 (CCR5) in primary
T cells [91] and hematopoietic stem/progenitor cells [92].
This approach is currently in clinical trials (NCT01252641,
NCT00842634 and NCT01044654). More recently, ZFN-
mediated targeted integration of anti-HIV restriction fac-
tors into the CCR5 locus has led to the establishment of T
cells that show near-complete protection from both R5- and
X4-tropic strains of HIV [93]. Additionally, ZFNs have been
used to improve the performance of T-cell-based immu-
notherapies by inactivating the expression of endogenous
T cell receptor genes [94,95], thereby enabling the genera-
tion of tumor-specific T cells with improved efficacy pro-
files. Finally, site-specific nucleases afford the unique
possibility of safely inserting therapeutic transgenes into

402

Trends in Biotechnology July 2013, Vol. 31, No. 7

specific ‘safe harbor’ locations in the human genome
[96,97]. Although the overall utility of site-specific
nucleases is currently limited in somatic cells, continued
progress in stem cell research, including the production
and manipulation of iPS cells, will ultimately open count-
less new directions for gene therapy, including treatments
based on autologous stem cell transplantation.

Genome editing using programmable RNA-guided DNA
endonucleases

Distinct from the site-specific nucleases described above,
the CRISPR/Cas system has recently emerged as a poten-
tially facile and efficient alternative to ZFNs and TALENs
for inducing targeted genetic alterations. In bacteria, the
CRISPR system provides acquired immunity against in-
vading foreign DNA via RNA-guided DNA cleavage [98]. In
the type II CRISPR/Cas system, short segments of foreign
DNA, termed ‘spacers’ are integrated within the CRISPR
genomic loci and transcribed and processed into short
CRISPR RNA (crRNA). These crRNAs anneal to trans-
activating crRNAs (tracrRNAs) and direct sequence-spe-
cific cleavage and silencing of pathogenic DNA by Cas
proteins. Recent work has shown that target recognition
by the Cas9 protein requires a ‘seed’ sequence within the
crRNA and a conserved dinucleotide-containing protospa-
cer adjacent motif (PAM) sequence upstream of the crRNA-
binding region [99]. The CRISPR/Cas system can thereby
be retargeted to cleave virtually any DNA sequence by
redesigning the crRNA. Significantly, the CRISPR/Cas
system has been shown to be directly portable to human
cells by co-delivery of plasmids expressing the Cas9 endo-
nuclease and the necessary crRNA components [100-103].
These programmable RNA-guided DNA endonucleases
have demonstrated multiplexed gene disruption capabili-
ties [102] and targeted integration in iPS cells [103]. Cas9
endonucleases have also been converted into nickases
[102], enabling an additional level of control over the
mechanism of DNA repair. In addition to human cells,
CRISPR/Cas-mediated genome editing has been success-
fully demonstrated in zebrafish [104] and bacterial cells
[105]; however, more exhaustive studies are required in
order to thoroughly evaluate the utility of this system,
including the potential for off-target effects. In particular,
it remains unclear whether CRISPR/Cas system affords
the requisite recognition selectivity necessary to ensure
single-site specificity in complex genomes.

Concluding remarks and future directions

ZFNs, TALENSs, and RNA-guided DNA endonucleases are
transformative tools that have the potential to revolution-
ize biological research and affect personalized medicine.
Indeed, these emerging technologies have dramatically
expanded the ability to manipulate and study model organ-
isms, and support the promise of correcting the genetic
causes behind many diseases. However, in order to achieve
the full potential of this technology, many important ques-
tions and challenges must be addressed (Box 3). Chief
among these is the relative specificity of each nuclease
platform. In the future, the use of high-throughput meth-
ods that enable comprehensive profiling of off-target cleav-
age sites [106] should provide insight into the stringency of



Box 3. Outstanding questions

e How effective are ZFNs and TALENSs as therapeutic agents?

e What are the best methods for delivering site-specific nucleases
into cells, and how can TALENs be delivered into cells by
lentivirus?

e Can the Cas9 endonuclease be co-opted as a DNA-binding domain
and be fused to enzymatic domains?

e How specific and safe are CRISPR/Cas9 systems, and how does

the efficiency of Cas9-mediated genome editing compare to ZFN

and TALEN-based approaches?

What is the optimal RNA scaffold for application of CRISPR/Cas9

in mammalian cells?

target recognition inherent in each system. Questions
also remain regarding the optimal methods for deliver-
ing these nucleases into cells and organisms. In particu-
lar, although adenoviral vectors can accommodate and
deliver full-length TALEN genes into human cells, len-
tiviral plasmid vectors harboring TALEN sequences are
prone to rearrangements after transduction [107]. Fur-
thermore, the large size of TALENs may limit their
delivery by size-restricted vectors such as recombinant
adeno-associated virus (AAV), which has been shown to
accommodate ZFN genes [108]. These findings suggest
that the development of new TALEN delivery systems
will be a critical area of future research. Although
CRISPR/Cas systems show great promise and flexibility
for genetic engineering, sequence requirements within
the PAM sequence may constrain some applications.
Directed evolution of the Cas9 protein should offer a
path toward PAM independence, and may also provide a
means to generate an even more efficient Cas9 endonu-
clease. Additional studies will also be required to evalu-
ate the specificity and toxicity of RNA-guided DNA
endonucleases in vitro and in vivo. Finally, the continued
development of conditional methods that rely on custom-
izable recombinases [109-111] and transcription factors
[6,9,112-115] for affecting genomic structure and func-
tion will complement existing and future nuclease tech-
nologies. Together, these technologies promise to expand
our ability to explore and alter any genome and consti-
tute a new and promising paradigm to understand and
treat disease.
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CRISPR-Cas systems for editing, regulating
and targeting genomes

Jeffry D Sander!? & J Keith Joung!-?

Targeted genome editing using engineered nucleases has rapidly gone from being a niche technology to a mainstream method
used by many biological researchers. This widespread adoption has been largely fueled by the emergence of the clustered,
regularly interspaced, short palindromic repeat (CRISPR) technology, an important new approach for generating RNA-guided
nucleases, such as Cas9, with customizable specificities. Genome editing mediated by these nucleases has been used to rapidly,
easily and efficiently modify endogenous genes in a wide variety of biomedically important cell types and in organisms that have
traditionally been challenging to manipulate genetically. Furthermore, a modified version of the CRISPR-Cas9 system has been
developed to recruit heterologous domains that can regulate endogenous gene expression or label specific genomic loci in living
cells. Although the genome-wide specificities of CRISPR-Cas9 systems remain to be fully defined, the power of these systems

to perform targeted, highly efficient alterations of genome sequence and gene expression will undoubtedly transform biological
research and spur the development of novel molecular therapeutics for human disease.

The introduction of targeted genomic sequence changes into living
cells and organisms has become a powerful tool for biological research
and is a potential avenue for therapy of genetic diseases. Frameshift
knockout mutations enable reverse genetics and identification of
gene functions; sequence insertions can fuse epitope tags or other
functional domains, such as fluorescent proteins, to endogenous
gene products; and specific sequence alterations can induce amino
acid substitutions for disease modeling, transfer traits in agricul-
tural crops and livestock, and correct defective genes for therapeutic
applications. For many years, strategies for efficiently inducing pre-
cise, targeted genome alterations were limited to certain organisms
(e.g., homologous recombination in yeast or recombineering in
mice) and often required drug-selectable markers or left behind ‘scar’
sequences associated with the modification method (e.g., residual
loxP sites from Cre recombinase-mediated excision). Targeted genome
editing using customized nucleases provides a general method for
inducing targeted deletions, insertions and precise sequence changes
in a broad range of organisms and cell types. The high efficiency of
genome editing obviates the need for additional sequences, such as
drug-resistance marker genes, and therefore the need for additional
manipulations to remove them.

A crucial first step for performing targeted genome editing is the
creation of a DNA double-stranded break (DSB) at the genomic
locus to be modified!. Nuclease-induced DSBs can be repaired by
one of at least two different pathways that operate in nearly all cell
types and organisms: nonhomologous end-joining (NHE]) and
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homology-directed repair (HDR) (Fig. 1). NHE] can lead to the effi-
cient introduction of insertion/deletion mutations (indels) of various
lengths, which can disrupt the translational reading frame of a coding
sequence or the binding sites of trans-acting factors in promoters or
enhancers. HDR-mediated repair can be used to introduce specific
point mutations or to insert desired sequences through recombination
of the target locus with exogenously supplied DNA ‘donor templates’
With targeted nuclease-induced DSBs, the frequencies of these altera-
tions are typically greater than 1% and, in some cases, over 50%; at
these rates, desired mutations can be identified by simple screening,
without drug-resistance marker selection.

Early methods for targeting DSB-inducing nucleases to specific
genomic sites relied on protein-based systems with customizable DNA-
binding specificities, such as meganucleases, zinc finger nucleases
(ZFNs) and transcription activator-like effector nucleases (TALENS).
These platforms have made possible important advances, but each has
its own set of associated advantages and disadvantages (Box 1). More
recently, a platform based on a bacterial CRISPR-associated protein 9
nuclease from Streptococcus pyogenes (hereafter referred to as Cas9)
has been developed; it is unique and flexible owing to its dependence
on RNA as the moiety that targets the nuclease to a desired DNA
sequence. In contrast to ZFN and TALEN methods, which use
protein-DNA interactions for targeting, RNA-guided nucleases
(RGNs) use simple, base-pairing rules between an engineered RNA
and the target DNA site.

In this Review, we describe how this RNA-guided system works
and how it has been applied to perform genome editing across a wide
variety of cell types and whole organisms. We also discuss the advan-
tages and limitations of this system, and assess off-target effects and
recent strategies for improving specificity and how the system can be
repurposed for other applications, such as regulation of gene expres-
sion and selective labeling of the genome (Fig. 2 summarizes different
applications). Finally, we consider the challenges that will need to be
addressed for this emerging genome editing platform.
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Figure 1 Nuclease-induced genome editing. Nuclease-induced double-
strand breaks (DSBs) can be repaired by nonhomologous end joining
(NHEJ) or homology-directed repair (HDR) pathways. Imprecise NHEJ-
mediated repair can produce insertion and/or deletion mutations of
variable length at the site of the DSB. HDR-mediated repair can introduce
precise point mutations or insertions from a single-stranded or double-
stranded DNA donor template.

From a bacterial CRISPR immune system to engineered RGNs
CRISPR systems are adaptable immune mechanisms used by many
bacteria to protect themselves from foreign nucleic acids, such as
viruses or plasmids?->. Type II CRISPR systems incorporate sequences
from invading DNA between CRISPR repeat sequences encoded
as arrays within the bacterial host genome (Fig. 3a). Transcripts
from the CRISPR repeat arrays are processed into CRISPR RNAs
(crRNAs), each harboring a variable sequence transcribed from the
invading DNA, known as the “protospacer” sequence, and part of the
CRISPR repeat. Each crRNA hybridizes with a second RNA, known as
the transactivating CRISPR RNA (tracrRNA)®, and these two RNAs
complex with the Cas9 nuclease’. The protospacer-encoded portion

Box 1 Meganucleases, ZFNs and TALENs

of the crRNA directs Cas9 to cleave complementary target-DNA
sequences, if they are adjacent to short sequences known as proto-
spacer adjacent motifs (PAMs). Protospacer sequences incorporated
into the CRISPR locus are not cleaved presumably because they are
not next to a PAM sequence.

The type II CRISPR system from S. pyogenes has been adapted for
inducing sequence-specific DSBs and targeted genome editing”. In the
simplest and most widely used form of this system, two components
must be introduced into and/or expressed in cells or an organism to
perform genome editing: the Cas9 nuclease and a guide RNA (gRNA),
consisting of a fusion of a crRNA and a fixed tracrRNA (Fig. 3b).
Twenty nucleotides at the 5" end of the gRNA (corresponding to the
protospacer portion of the crRNA; Fig. 3¢) direct Cas9 to a specific
target DNA site using standard RNA-DNA complementarity base-
pairing rules. These target sites must lie immediately 5" of a PAM
sequence that matches the canonical form 5’-NGG (although recog-
nition at sites with alternate PAM sequences (e.g., 5'-NAG) has also
been reported, albeit at less efficient rates”®). Thus, with this system,
Cas9 nuclease activity can be directed to any DNA sequence of the
form N,(-NGG simply by altering the first 20 nt of the gRNA to cor-
respond to the target DNA sequence. Type II CRISPR systems from
other species of bacteria that recognize alternative PAM sequences
and that utilize different crRNA and tracrRNA sequences have also
been used for targeted genome editing!®-12. However, because the
most commonly used and extensively characterized system is based
on the S. pyogenes system, the remainder of this Review focuses on this
particular platform and its components, unless otherwise noted.

Following the initial demonstrations in 2012 that Cas9 could be
programmed to cut various DNA sites in vitro’, a flurry of papers
published in 2013 showed that this platform also functions efficiently
in a variety of cells and organisms. Initial proof-of-principle studies
showed that Cas9 could be targeted to endogenous genes in bacteria®,
cultured transformed human cancer cell lines and human pluripotent
stem cells in culture!3-16, as well as in a whole organism, the zebrafish
(J.K.J. and colleagues!”). Subsequently, Cas9 has been used to alter

Meganucleases, ZFNs and TALENs have been used extensively for genome editing in a variety of different cell types and organisms.
Meganucleases are engineered versions of naturally occurring restriction enzymes that typically have extended DNA recognition
sequences (e.g., 14-40 bp). ZFNs and TALENSs are artificial fusion proteins composed of an engineered DNA binding domain fused

to a nonspecific nuclease domain from the Fokl restriction enzyme. Zinc finger and TALE repeat domains with customized specificities
can be joined together into arrays that bind to extended DNA sequences.

The engineering of meganucleases has been challenging for most academic researchers because the DNA recognition and cleav-
age functions of these enzymes are intertwined in a single domain®.87, By contrast, the DNA binding domains of ZFNs and TALENs
are distinct from the Fokl cleavage domain®8, thereby making it more straightforward to modify the DNA-binding specificities of these
nucleases. However, robust construction of engineered zinc finger arrays has also proven to be difficult for many laboratories because
of the need to account for context-dependent effects between individual finger domains in an array89. Despite the availability of various
publicly available methods designed to simplify the challenge of creating ZFNs90-96. (J.K.J. and colleagues®2:93.95),
these nucleases have not been engineered by a wide range of laboratories.

In contrast to zinc fingers, TALE repeat domains seem to have fewer context-dependent effects and can be assembled robustly in a
modular fashion to recognize virtually any DNA sequence (J.K.J. and colleagues®?), using a simple one-to-one code between individual
repeats and the four possible DNA nucleotides®8:99. Although TALE repeat domains are much simpler to design than meganucleases
or ZFNs, the assembly of DNA molecules encoding large numbers of highly conserved TALE repeats can require the use of nonstandard
molecular biology cloning methods. Many user-friendly methods for making such assemblies have been described in the literature
(J.K.J. and colleagues!99) but the highly repetitive nature of TALEN-coding sequences also creates barriers to their delivery using
certain viral vectors, such as lentiviruses1Ol. Nonetheless, the greater simplicity of TALENSs relative to meganucleases and ZFNs has led
to their adoption over the past several years by a broad range of scientists. The question of whether to utilize these platforms for a given
application must be considered on a case-by-case basis, and we refer the reader to recent reviews on these different technologies for

additional information86,88,100,
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Figure 2 Overview of various Cas9-based a
applications. (a,b) gRNA-directed Cas9 nuclease : ]
can induce indel mutations (a) or specific

sequence replacement or insertion (b). (c) Pairs

of gRNA-directed Cas9 nucleases can stimulate b

large deletions or genomic rearrangements ]

(e.g., inversions or translocations). (d—f) gRNA-
directed dCas9 can be fused to activation
domains (d) to mediate upregulation of specific
endogenous genes, heterologous effector
domains (e) to alter histone modifications or
DNA methylation, or fluorescent proteins (f) to
enable imaging of specific genomic loci.

TSS, transcription start site.

genes in yeast!8, tobacco!®20, thale cress!?,
rice?!22, wheat?!, sorghum?3, mice?425, rats2°,
rabbits?’, frogs?®, fruit flies?%30, silkworms3!
and roundworms>? (see Table 1 for a list of
these published reports). Cas9-induced DSBs
have been used to introduce NHEJ-mediated
indel mutations as well as to stimulate HDR
with both double-stranded plasmid DNA
and single-stranded oligonucleotide donor
templates. Being able to introduce DSBs at
multiple sites in parallel with Cas9 is a unique
advantage of this RNA-guided genome editing platform relative to
meganucleases, ZFNs or TALENS. For example, expression of Cas9
and multiple gRNAs has been used to induce small and large deletions
or inversions between the DSBs!433-33 to simultaneously introduce
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mutations in three genes in rat cells®, five genes in mouse ES cells?*
and five genes in the somatic cells of a single zebrafish3”.

The simplicity of Cas9 targeting has also inspired the generation
of large gRNA libraries using array-based oligonucleotide synthesis.
These libraries can be engineered to encom-
pass multiple gRNAs for almost every gene in
a host organism, thereby facilitating forward
genetic screens and selection. In contrast to
short hairpin RNA libraries, which mediate
only gene knockdown, these gRNA libraries
have been used with Cas9 nuclease to gener-
ate libraries of cells with knockout mutations.
Libraries consisting of between ~64,000 and
~87,000 distinct gRNAs have demonstrated
this strategy for positive and negative for-
ward genetic phenotype screens in human
and mouse cells38-40,

| Fusion of

Cas9:gRNA

complex Figure 3 Naturally occurring and engineered

CRISPR-Cas systems. (a) Naturally occurring
CRISPR systems incorporate foreign DNA
sequences into CRISPR arrays, which then
produce crRNAs bearing “protospacer” regions
that are complementary to the foreign DNA
site. crRNAs hybridize to tracrRNAs (also
encoded by the CRISPR system) and this pair
of RNAs can associate with the Cas9 nuclease.
crRNA-tracrRNA:Cas9 complexes recognize and
cleave foreign DNAs bearing the protospacer
sequences. (b) The most widely used engineered
CRISPR-Cas system utilizes a fusion between

a crRNA and part of the tracrRNA sequence.
This single gRNA complexes with Cas9 to

-5 mediate cleavage of target DNA sites that are
complementary to the 5" 20 nt of the gRNA and
GA that lie next to a PAM sequence. (c) Example
A sequences of a crRNA-tracrRNA hybrid
A and a gRNA.
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Table 1 Published examples of cell types and organisms modified
by Cas9

Cell type or Reference
organism Cas9 form Cell type numbers
Human cells Cas9 nuclease HEK293FT, HEK293T, 9,13-16,47,
HEK293, K562, iPSC, 49-51,54,59,
HUES9, HUES1, 84,85
BJ-RiPS, Hela, Jurkat,
u20s
Cas9 nickase HEK293FT, HEK293T 13,14,47,49
dCas9 (gene regulation) HEK293FT, HEK293T 70-72,74,82
dCas9 (imaging) HEK293T, UMUC3, HelLa 81
Mouse or Cas9 nuclease Embryos 14,24-26
mouse cells Cas9 nickase Embryos 47
dCas9 (gene regulation) NIH3T3 74
Rat Cas9 nuclease Embryos 26,36
Rabbit Cas9 nuclease Embryos 27
Frog Cas9 nuclease Embryos 28
Zebrafish Cas9 nuclease Embryos 17,33,37,60,85
Fruit fly Cas9 nuclease Embryos 29,30,61
Silkworm Cas9 nuclease Embryos 31
Roundworm Cas9 nuclease Adult gonads 32,62-67
Rice Cas9 nuclease Protoplasts, callus cells 21,23
Wheat Cas9 nuclease Protoplasts 21
Sorghum Cas9 nuclease Embryos 23
Tobacco Cas9 nuclease Protoplasts, leaf tissue 19,20,23
Thale cress  Cas9 nuclease Protoplasts, seedlings 19,23
Yeast Cas9 nuclease Saccharomyces 18
cerevisiae
Bacteria Cas9 nuclease Streptococcus 8
pneumoniae, E. coli
dCas9 (gene regulation) E. coli 69,70

HEK, human embryonic kidney; iPSCs, induced pluripotent stem cells; UMUC3,
human bladder cancer.

Cas9 variants that cut one strand rather than both strands of
the target DNA site (known as ‘nickases’) have also been shown to
be useful for genome editing. Introduction of a D10A or H840A
mutation into the RuvC1- or HNH-like nuclease domains in Cas9
(Fig. 4a)*1*2 results in the generation of nickases that cut either the
complementary or noncomplementary DNA target strands, respec-
tively, in vitro”1243 (Fig. 4b,c). Consistent with previous studies with
ZFN-derived nickases*4-4¢ (J.K.J. and colleagues**), Cas9 nickases
can, at some sites, induce HDR with reduced levels of concomitant
NHE]J-mediated indels!1¢. However, although at some sites Cas9
nickases can induce HDR with efficiencies similar to those of the orig-
inal Cas9 nucleasel®14, these rates can be much lower at other sites?’.
Notably, the frequencies of indel mutations introduced by nickases
have also been high at certain sites!347-4% (J.K.]. and colleagues?).
Although the precise DNA repair pathways by which these various
alterations are induced remain undefined, one potential mechanism
that has been postulated is that passage of a replication fork through
a nuclease-induced nick site might result in a DNA DSB. Additional
studies with Cas9 nickases are needed to better understand locus-
dependent differences in the relative efficiencies of HDR and indel
mutation induced by these enzymes.

Determining the specificities of RNA-guided Cas9 nucleases

Although RGN generally cleave their intended target sites reliably, an
important question is, to what extent do these nucleases induce off-
target cleavage events (and therefore unwanted NHE]J-induced indel
mutations)? To assess RGN specificity, several groups have created
gRNA variants containing one to four nucleotide mismatches in the
complementarity region and have then examined the abilities of these
molecules to direct Cas9 nuclease activity in human cells at reporter
gene (J.K.J. and colleagues®®) or endogenous gene!®>! target sites.

These studies showed that mismatches are generally better tolerated
at the 5" end of the 20-nt targeting region of the gRNA than at the
3’ end; this result is consistent with previous experiments performed
in vitro and in bacterial cells, which suggested that the 8-12 bp at the
3’ end of the targeting sequence (also known as the ‘seed’ sequence)
are crucial for target recognition”$145233, However, the effects of
single and double mismatches are not always predictable based on
their location within the gRNA targeting region; some mismatches
in the 5" end can have dramatic effects, whereas some in the 3’ end
do not greatly affect Cas9 activity®®. In addition, not all nucleotide
substitutions at a given position necessarily have equivalent effects
on activity>L.

A reciprocal, and perhaps more relevant, approach for studying
specificity is to assess the activities of Cas9 at potential off-target
genomic DNA target sites, (i.e., sites that have a few nucleotide dif-
ferences compared to the intended target). A number of studies have
examined potential off-target sites that differ at one to six positions
from the on-target site in human cells®47:48:30:51.54 Collectively, these
reports have found cases of off-target mutations at sites that differ by
as many as five positions within the protospacer region®® and/or that
have an alternative PAM sequence of the form NAG>!. Interestingly,
indel mutation frequencies at these off-target sites can be high enough
(>2-5%) to detect using the relatively insensitive T7 endonuclease I
(T7E1) mutation mismatch assay and sometimes are comparable to
the on-target site mutation frequency*®>%34, In addition, more sensi-
tive deep sequencing assays have identified lower frequency off-target
mutations*$>1:9% Tt is important to note that all of these directed studies
examined only a subset of the much larger number of potential off-
target sites in the genome. For example, any given 20-nt protospacer
will typically have hundreds to thousands of potential off-target
sites that differ at four or five positions, respectively, in 6 x 10° bases
of random DNA. In addition, although it has been suggested that
higher GC content at the RNA:DNA hybridization interface might
potentially help to stabilize binding of the RGN to DNA, high rates
of mutagenesis have been observed for off-target sites with as little as
30% matched GC content®>.

A somewhat more comprehensive strategy for examining Cas9
specificities is to identify off-target sites from a partially degenerate
library of variants that is based on the intended on-target sequence.
One recent report identified sites from such libraries based on their
abilities to be bound by a catalytically inactive form of Cas9 fused to
a transcriptional activation domain (see Fig. 4 and further discussion
below)*°. This study found sites that were mismatched by as many as
three (and possibly more) positions relative to the on-target site*’.
These results are similar to those of another study, which used in vitro
selection for Cas9 nuclease cleavage activity to identify potential off-
target sites from a partially degenerate library of target site variants.
Some of the off-target sites identified by these in vitro selections (with up
to four mismatches) were also shown to be mutated in human cells®.

A recent study using whole-exome sequencing did not find evi-
dence of Cas9-induced, off-target mutations in three modified human
K562 cell line clones®®. Although the authors acknowledge that the
high false-negative rate associated with exome sequencing analysis
limits interpretation of these data, these results do suggest that with
careful target selection, it may be possible to isolate Cas9-edited
cells with otherwise intact exomes. Additional examples with deeper
sequencing coverage and whole genome (rather than whole exome)
sequencing will be needed to determine how readily cells that do not
have off-target mutations can be isolated. The ability to do so would
encourage broader research application of Cas9 technology. However,
it is worth noting that deep sequencing the genomes of individual cell
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Figure 4 Cas9-based systems for altering gene sequence or expression.
(a) Cas9 nuclease creates double-strand breaks at DNA target sites with
complementarity to the 5” end of a gRNA. Cas9 contains RuvC and HNH
nuclease domains (arrowheads). (b) Cas9 nickase created by mutation of
the RuvC nuclease domain with a D10A mutation. This nickase cleaves
only the DNA strand that is complementary to and recognized by the
gRNA. (c) Cas9 nickase created by mutation of the HNH nuclease domain
with a H840A mutation. This nickase cleaves only the DNA strand that
does not interact with the gRNA. (d) Paired nickase strategy for improving
Cas9 specificity. Two D10A Cas9 nickases are directed by a pair of
appropriately oriented gRNAs. This leads to induction of two nicks that, if
introduced simultaneously, would be expected to generate a 5" overhang.
(e) Catalytically inactive or ‘dead’ Cas9 (dCas9) (e.g., with mutations

in both the RuvC and HNH domains). This can be recruited by a gRNA
without cleaving the target DNA site. (f) Catalytically inactive dCas9 can
be fused to a heterologous effector domain.

clones is expected to be neither sensitive nor effective for defining
the full genome-wide spectrum of Cas9 off-target sites because each
clone would likely only carry mutations at a small proportion of, if
any, possible off-target sites.

Overall, the various published studies strongly suggest that off-
target sites of RNA-guided Cas9 nucleases can be variable in frequency
and challenging to predict. For any given target site, it is not currently
possible to predict how many mismatches can be tolerated, nor do we
fully understand why some sites are cleaved whereas other are not.
We also do not know how genomic and/or epigenomic context might
affect the frequency of cleavage. Although some initial evidence sug-
gests that DNA methylation does not inhibit Cas9-based genome edit-
ing®!, it seems plausible and likely that chromatin structure could play
a role in off-target site accessibility. A more comprehensive under-
standing of Cas9 off-target effects will have to await the development
of unbiased, global measures of Cas9 specificity in cells.

Methods for reducing off-target effects of Cas9 nucleases
Even with an incomplete understanding of RNA-guided Cas9 nucle-
ase specificity, researchers have begun to explore various approaches
to reduce off-target mutagenic effects. One potential strategy is to
test the effects of reducing the concentrations of gRNA and Cas9
expressed in human cells. Results with this approach have been mixed;
one group observed proportionately larger decreases in rates of off-
target relative to on-target mutagenesis for two gRNAs°!, whereas our
group observed nearly proportionate decreases at both off-target and
on-target sites for two other gRNAs>C. The use of modified gRNA
architectures with truncated 3’ ends (within the tracrRNA-derived
sequence) or with two extra guanine nucleotides appended to the
5’ end (just before the complementarity region) also yielded better
on-target to off-target ratios but generally with considerably lower
absolute efficiencies of on-target genome editing®°.

Another proposed approach for improving specificity involves the
use of ‘paired nickases’ in which adjacent off-set nicks are generated
at the target site using two gRNAs and Cas9 nickases*”4%%¢ (Fig. 4d),
a strategy analogous to one originally performed with pairs of engi-
neered zinc finger nickases*¢. In contrast to single Cas9 nickases (which
can at some sites more favorably induce HDR events relative to NHE]
indels), paired Cas9 nickases targeted to sites on opposite DNA strands
separated by 4 to 100 bp can efficiently introduce both indel muta-
tions and HDR events with a single-stranded DNA oligonucleotide
donor template in mammalian cells*7-4%%6. It has been proposed by
some that the concerted action of paired nickases create a DSB that
is then repaired by NHE] or HDR*7:%>. Importantly, paired nickases
can reduce Cas9-induced off-target effects of gRNAs in human cells;
the addition of a second gRNA and substitution of Cas9 nickase for
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a Cas9 nuclease
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RuvC (NGG
5 maA CCTGAGCCTAATCGGCGCTGAGG wes
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AGCCUAAUCGGCGC
Nucleotide 20191817 161514131211109 8 7 6 54 3 2 1))
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gRNA

D10A
Cas9 nickase

CCTGAGCCTAATCGGCGCTGAGE
HNH
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UV

Cc H840A
Cas9 nickase
uvC
. CCTGAGCCTAATCGGCGETGAGE .
== GGACTCGGATTAGCCGCGACTCC ==
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L1} AHNH L1}
) / /\’jv/ h
e

CCTGAGCCTAATCGGCGCTGAGG

GGACTCGGATTAGCCGCGACTCC

Heterologous
effector domain

CCTGAGCCTAATCGGCGCTGAGG

GGACTCGGATTAGCCGCGACTCC

Cas9 nuclease can lead to lower levels of unwanted mutations at previ-
ously known off-target sites of the original gRNA*”. However, an as-yet
unanswered question is whether the second gRNA can itself induce
its own range of Cas9 nickase-mediated off-target mutations in the
genome. Multiple studies have shown that single monomeric Cas9
nickases can function on their own to induce indel mutations at certain
genomic loci!347-4%, perhaps because an individual nick might be con-
verted to a DSB when a replication fork passes through the locus7->8.
Thus, an important improvement needed for the paired nickase system
will be to make the activities of the two nickase monomers strictly
co-dependent on each other for genome editing activity—that is, so
that these nickase monomers are only active for genome editing when
bound to DNA in close proximity to the other.

Our group has recently shown that off-target effects can be sub-
stantially reduced simply by using gRNAs that have been shortened
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at the 5" end of their complementarity regions*®. These truncated
gRNAs (which we refer to as ‘tru-gRNAS’) have 17 or 18 nucleotides of
complementarity; they generally function as efficiently as full-length
gRNAs in directing on-target Cas9 activity but show decreased muta-
genic effects at off-target sites and enhanced sensitivity to single or
double mismatches at the gRNA:DNA interface*3. This strategy avoids
the technical challenges associated with expressing multiple gRNAs in
a single cell for the paired nickase approach and should be straight-
forward to implement. tru-gRNAs could also be used in conjunction
with other strategies for improving Cas9 specificity (e.g., we showed
that tru-gRNAs further improve the specificity of paired nickases*®)
as well as the specificities of dCas9 fusion proteins for non-nuclease
applications (described below).

Practical considerations for implementing CRISPR-Cas technology
Owing to rapid progress in the field, potential users face a variety
of choices about how to implement CRISPR-Cas technology. Here
we discuss some of the parameters to consider when applying
the methodology.

Choice of gRNA platform. It is important to note that the efficiency
of Cas9 activity for any given locus can be influenced by the architec-
ture of gRNA(s) used. As described above, most recent studies have
used a single gRNA that is a fusion of a programmable crRNA and
part of the tracrRNA, but earlier studies also used a ‘dual gRNA’ con-
figuration in which the crRNA and tracrRNA are expressed separately.
In general, studies using single gRNAs have consistently reported sub-
stantially higher editing rates than those using dual gRNAs!3:1417:59,
These findings suggest that the single gRNA system may be more
active than the double gRNA system, presumably because two com-
ponents can assemble more efficiently than three components.

In addition, single gRNAs harboring variable lengths of tracrRNA
sequence at their 3’ ends have been used by different groups
(Supplementary Table 1). Systematic comparisons have generally
demonstrated that longer single gRNAs (containing more of the
3’ portion of the tracrRNA sequence) yield higher editing rates than
shorter ones>!. The most commonly used single gRNA design to date is
~100 nt in length (Supplementary Table 1). The tru-gRNAs described
above are shortened versions of this ~100-nt single gRNA.

Targeting range and choice of gRNA target sites. The choice of
promoter used to express gRNAs can limit the options for potential
target DNA sites. For example, the RNA polymerase III-dependent
U6 promoter or the T7 promoter require a G or GG, respectively, at
the 5" end of the sequence of the RNA that is to be transcribed (top
panels of Fig. 5a,b). As a result, standard full-length or tru-gRNAs
expressed from these promoters are limited to targeting sites that
match the forms GNy4.19NGG or GGNy5.;3NGG; such sites are
expected to occur every 1 in 32 bp or 1 in 128 bp, respectively, in
random DNA sequence. Paired nickase strategies require the iden-
tification of two sites on opposite strands of DNA with appropriate
spacing in between (as described above). One option to reduce these
targeting range restrictions is to choose sites without regard to the
identities of the first or first two bases at the 5" end (that is, making
gRNAs that are mismatched at these positions). Another potential
strategy to bypass these restrictions is to append the required G or GG
to the 5" end of the gRNA, thereby encoding gRNA transcripts that are
1 or 2 bp longer (bottom panels of Fig. 5a,b). Both of these strategies
have been used successfully to produce active gRNAs but with variable
efficiencies in genome-editing activities with Cas9 nucleases*7-5456:60,
Larger-scale studies are needed to clarify the effects of using either

Restriction
PAM sequence

a  Restriction
U6 promoter requirement

5-GNNNNNNNNNNNNNNNNNNNNGG  Target DNA site

5-GNNNNT gRNA

Restriction
or PAM sequence

5-NNNNNNNNNNNNNNNNNNNNNGG  Target DNA site

....... N gRNA
Restriction

b Restriction
PAM sequence

T7 promoter requirement

5-GGNNNNNNNNNNNNNNNNNNNGG Target DNA site

5’-GGN

gRNA

Restriction
or PAM sequence

5-NNNNNNNNNNNNNNNNNNNNNGG Target DNA site

5-Gg

gRNA

Figure 5 Sequence limitations on the targeting range of guide RNAs.

(a) Ranges of potential target sites for gRNAs expressed from a U6
promoter. Target DNA sequence restrictions are imposed by the
requirement for a G at the first 5" nucleotide of the gRNA (blue letters)
targeted to the DNA site (required for efficient expression from a U6
promoter) and by the need for an NGG (the PAM sequence; red letters)
adjacent to the complementarity region of target site (green letters) (top
panel). One strategy to avoid the requirement for a 5" G in the target site
is to append an extra G to the 5" end of the gRNA (bottom panel).

(b) Ranges of potential target sites for gRNAs expressed from a T7
promoter. Target DNA sequence restrictions are imposed by the
requirement for a GG at the first two nucleotides of the gRNA targeted
to the DNA site (required for efficient expression from the T7 promoter)
and by the need for an NGG adjacent to the complementarity region
target site (top panel). One strategy to avoid the requirement for a GG
dinucleotide in the target sequence is to append an extra GG dinucleotide
to the 5" end of the gRNA (bottom panel).

mismatched or extended gRNAs on the efficiencies and specificities
of RGN-mediated cleavage. Several groups have provided web-based
software that facilitates the identification of potential CRISPR RGN
target sites in user-defined sequences (e.g., the ZiFiT Targeter soft-
ware!748 (http://zifit.partners.org/) and the CRISPR Design Tool>!
(http://crispr.mit.edu/)).

Delivery of CRISPR-Cas components. RGNs have been delivered to
a broad range of cell types and organisms using a variety of delivery
methods. In cultured mammalian cells, researchers have used electro-
poration®’, nucleofection!3°0 and Lipofectamine-mediated transfec-
tion!31430 of nonreplicating plasmid DNA to transiently express Cas9
and gRNAs. Lentiviral vectors have also been used to constitutively
express Cas9 and/or gRNAs in cultured human®®3° and mouse?? cells.
RNAs and/or plasmid DNA transcribed in vitro have been injected
directly into the embryos of zebrafish!7, fruit flies?%-30:61, mice?426 and
rats?0. Plasmid DNA and RNA have also been injected into the gonads
of adult roundworms32:¢2-%6, and in one study purified Cas9 protein
complexed with gRNA was injected into roundworm gonads®’. In addi-
tion to animal models and cell lines, Cas9 has been used successfully
in multiple plant species including wheat, rice, sorghum, tobacco and
thale cress using a range of standard delivery methods including PEG-
mediated transformation of protoplasts, Agrobacterium-mediated
transfer in embryos and leaf tissue, and/or bombardment of callus
cells with plasmid DNA!°-21:23, For most RGN applications, tran-
sient expression of gRNAs and Cas9 is typically sufficient to induce
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efficient genome editing. Although constitutive expression of RGN
components might potentially lead to higher on-target editing effi-
ciencies, extended persistence of these components in the cell might
also lead to increased frequencies of off-target mutations, a phenom-
enon that has been previously reported with ZFNs®8.

Experimental strategies to control for RGN off-target effects. The
existence of CRISPR RGN-induced off-target effects and our current
inability to comprehensively identify these alterations on a genome-
wide scale mean that investigators need to account for the potentially
confounding effects of these undesired mutations. Several strategies
can be used to rule out off-target mutations as a potential alternative
explanation for any phenotypes observed. For example, complementa-
tion with reintroduction of a wild-type gene can be used to confirm
the effects of knockout mutations. In addition, similar to the strategy
of targeting a gene with multiple RNA interference hairpins, one could
easily create mutations in the same gene using gRNAs targeted to dif-
ferent sites. Presumably, each gRNA will be expected to have a differ-
ent range of off-target effects and therefore if the same phenotype is
observed with each of these different gRNAs it would seem unlikely
that undesired mutations are the cause. The ease with which multiple
gRNASs can be rapidly designed and constructed makes it simple and
feasible to implement this type of strategy with the Cas9 system. The
high efficacy of the Cas9 nuclease for inducing mutations makes it an
attractive choice for creating mutant cell lines and whole organisms
in spite of the need to account for off-target effects.

Applications of CRISPR-Cas beyond genome editing

Beyond enabling facile and efficient targeted genome editing, the
CRISPR-Cas system has the potential to be used to regulate endog-
enous gene expression or to label specific chromosomal loci in living
cells or organisms. Catalytically inactive or “dead” Cas9 (dCas9)—a
variant bearing both the D10A and H840A mutations that does not
cleave DNA—can be recruited by gRNAs to specific target DNA
sites”12 (Fig. 4e). Targeting of dCas9 to promoters was initially shown
to repress gene expression in both Escherichia coli and human cells®®70.
Interestingly, dCas9 repressed a bacterial promoter efficiently when
recruited with gRNAs that interacted with either strand of sequences
upstream of the promoter; however, when targeting sites downstream
of the transcription start point, only gRNAs that interacted with the
nontemplate strand induced dCas9-mediated repression®®. dCas9 also
provides a general platform for recruitment of heterologous effector
domains to specific genomic loci (Figs. 2d-f and 4f). For example,
dCas9 fusions to a transcriptional activation domain (VP64 or the p65
subunit of nuclear factor kappa B; NF-kB) or a transcriptional repres-
sion domain (the Kriippel-associated box (KRAB) domain) have been
shown to regulate the expression of endogenous genes in human?1-73:82
and mouse cells’. Changes in gene expression induced by these
dCas9 fusions in human cells thus far seem to be generally lower than
those induced by similar TALE-based transcription factors#*7>-78,
However, multiplex recruitment of dCas9-based activators using
between 2 and 10 sgRNAs targeted to the same promoter can result
in substantially higher levels of human gene activation, presumably
due to the phenomenon of activator synergy*®717274 (J.K.J. and col-
leagues”!). This capability of dCas9-based activators to function syn-
ergistically is consistent with previous observations for TALE-based
activators”>7¢ (J.K.J. and colleagues’®) in human cells. In future exper-
iments it will be interesting to see whether dCas9 fusions to histone
modifiers and proteins involved in altering DNA methylation, such as
the ten-eleven translocation (TET) proteins, can also be used to per-
form targeted ‘epigenome editing’ (Fig. 2e), including the alteration of
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specific histone modifications and demethylation of particular cyto-
sine bases in human cells as has been recently described with TALE
DNA-binding domains”>7? (J.K.J. and colleagues®?).

An alternative strategy for tethering heterologous effector domains
to DNA-bound gRNA:dCas9 complexes is to exploit well-defined,
RNA-protein interaction pairs. This approach uses two engineered
components: a gRNA that has one or two RNA binding sites for the
phage MS2 coat protein fused to its 3" end; and a fusion of MS2 coat
protein to an effector domain®’. Addition of the MS2 RNA binding
sequences to the gRNA does not abolish its ability to target dCas9 to
specific DNA sites. Furthermore, co-expression of the MS2 coat pro-
tein fusion with the hybrid gRNA and dCas9 has been used to recruit
activation domains to a gene promoter in human cells**. Although
the activation observed seems to be somewhat less robust than direct
fusions to dCas9, this type of configuration might provide additional
options and flexibility for recruitment of multiple effector domains
to a promoter by, for example, using multiple gRNAs and MS2 coat
protein binding sites on each gRNA to recruit many copies of different
domains to the same promoter.

It has also been demonstrated that an EGFP-dCas9 fusion can be
used to visualize DNA loci harboring repetitive sequences, such as
telomeres, with a single gRNA or nonrepetitive loci using 26 to 36
gRNAs tiled across a 5-kb region of DNAS8! (Fig. 2f). This imaging
strategy provides a powerful tool for studying chromosome dynam-
ics and structure and extends the dCas9 system beyond gene
expression-based applications.

Thus far, evidence suggests that the effects of the small number of
dCas9-activation or repression domain fusions tested to date can be
highly specific in mammalian cells, as judged by RNA-seq or expres-
sion microarray experiments’482; however, this may be because not all
binding events lead to changes in gene transcription. It remains to be
determined whether dCas9 fusions are truly specific for single sites in
their cellular activities or if, like their nuclease counterparts, strategies
(such as the use of tru-gRNAs) will be needed to improve specificity.

Future directions

Progress in the development of Cas9-based technologies over the past
18 months has been stunning, but many interesting questions and
applications remain to be addressed and explored.

First, methods for expanding the targeting range of RNA-guided
Cas9 will be important for inducing precise HDR or NHE] events
as well as for implementing multiplex strategies, including paired
nickases. As noted above, the targeting range for Cas9, paired Cas9
nickases and dCas9 fusions is restricted mainly by the need for a PAM
sequence matching the form NGG. Alternative PAM sequences of
the form NAG or NNGG can be exploited, as has been noted”-851,
but more experiments are needed to ascertain how robustly these
sequences are recognized and cleaved. Other gRNA:Cas9 plat-
forms with different PAM sequences isolated from Streptococcus
thermophilus, Neisseria meningitidis and Treponema denticola have
also been characterized!%!114 and identification of more of these
systems from other species®? could further enhance the targeting
range of the platform.

Second, the field urgently needs to develop unbiased strategies
to globally assess the off-target effects of Cas9 nucleases or paired
nickases in any genome of interest. Such methods will be crucial for
evaluating how effectively improvements described to date enhance
the specificity of the platform. In addition, although tru-gRNAs and
paired nickases can reduce off-target effects, it is likely that further
improvements will be needed, especially for therapeutic applications.
Ideally, new strategies could be combined with existing approaches.
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Examples of such improvements might involve using protein engi-
neering to modify Cas9 and/or modifying the nucleotides used by the
gRNA to mediate recognition of the target DNA site. Alternatively, the
construction of inducible forms of Cas9 and/or gRNAs might provide
a means to regulate the active concentration of these reagents in the
cell and thereby improve the ratio of on- and off-target effects.

Third, methods for efficient delivery and expression of CRISPR-
Cas system components will undoubtedly need to be optimized for
each particular cell-type or organism to be modified. For example,
some cell types or tissues might be refractory to transfection and/or
infection by standard viral vectors. A related challenge will be to
develop methods that enable expression of either the gRNAs or the
Cas9 nuclease that is specific to a tissue, cell type or developmental
stage. Strategies that ensure efficient expression of large numbers of
different gRNAs simultaneously from one vector would also allow
more extensive use of the multiplex capability of CRISPR-Cas systems.
Collectively, these advances will be important for research use and
therapeutic applications.

Lastly, strategies for shifting the balance away from NHE]-mediated
indel mutations and toward HDR-driven alterations remain a prior-
ity for development. Although high rates of HDR can be achieved
with the CRISPR RGN and single-stranded DNA oligonucleotides,
competing mutagenic NHE] also occurs simultaneously. This limi-
tation is particularly problematic when using HDR to induce point
mutation changes (as opposed to insertions) in the protospacer part
of the target site; alleles that have been successfully altered in this way
can still be efficiently re-cut and then mutagenized by NHE], thereby
reducing the yield of correctly edited sequences. One of the drawbacks
to developing an approach to improve the HDR:NHE] ratio is that
inhibition of NHE] is likely to be poorly tolerated by most cells, given
its central role in normal DNA repair. For therapeutic applications
seeking to exploit HDR, reduction or elimination of competing NHE]
will be crucially important.

The simplicity, high efficiency and broad applicability of the RNA-
guided Cas9 system have positioned this technology to transform
biological and biomedical research. The ease with which researchers
can now make changes in the sequence or expression of any gene
means reverse genetics can be performed in virtually any organ-
ism or cell type of interest. In addition, the construction of large
libraries of gRNAs for altering or regulating genes of interest will
enable facile, comprehensive forward genetic screens. All of these
systems can also be multiplexed by expressing multiple gRNAs in a
single cell, thereby further extending the complexity of forward and
reverse genetic experiments that can be done. Although the off-target
effects of Cas9 remain to be defined on a genome-wide scale, much
progress has already been made toward improving specificity, and
further advances will undoubtedly come rapidly, given the intensity
of research efforts in this area. All of these recent advances—and
those to come—in developing and optimizing Cas9-based systems
for genome and epigenome editing should propel the technology
toward therapeutic applications, opening the door to treating a wide
variety of human diseases.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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Recombineering is an efficient method of in vivo genetic engineering applicable to chromosomal as well as episomal replicons in
Escherichia coli. This method circumvents the need for most standard in vitro cloning techniques. Recombineering allows construction
of DNA molecules with precise junctions without constraints being imposed by restriction enzyme site location. Bacteriophage
homologous recombination proteins catalyze these recombineering reactions using double- and single-stranded linear DNA substrates,
so-called targeting constructs, introduced by electroporation. Gene knockouts, deletions and point mutations are readily made, gene

tags can be inserted and regions of bacterial artificial chromosomes or the E. coli genome can be subcloned by gene retrieval using
recombineering. Most of these constructs can be made within about 1 week’s time.

INTRODUCTION

Recombineering is an in vivo method of genetic engineering used
primarily in Escherichia coli that uses short 50 base homologies!'~>.
As recombineering is based on homologous recombination, it
allows insertion, deletion or alteration of any sequence precisely
and is not dependent on the location of restriction sites (Fig. 1).
Linear DNAs, either double-stranded (ds), usually in the form of
PCR products®>®3, or single-stranded (ss) synthetic oligo-
nucleotides®® are introduced by electroporation and provide the
homologous substrates (i.e., targeting constructs) to create genetic
changes. Recombineering is catalyzed by bacteriophage-encoded
homologous recombination functions, such as the coliphage A Red
system® and the RecET system from the Rac prophage®!°.

[ — |
* X0 Exo binds to linear DNA
p 4
exo
‘—QXO/
5’ to 3’ exonuclease activity of exo
generates 3’ overhangs
3 el

* @88 Beta binds to 3’ ss DNA

..l—_:_I'.‘
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Homologous recombination
generates recombinant DNA

[ Saa—— |

Figure 1 | Overview of bacteriophage A recombination system used for
recombineering. Exo has a 5’- to 3"-dsDNA exonuclease activity, which can
generate 3’-overhangs on linear DNA. Beta binds the single-stranded DNA
(3’-overhangs), promotes ss-annealing and generates recombinant DNA. An
additional protein, Gam (not shown here), which prevents RecBCD nuclease
from degrading double-stranded linear DNA fragments, is also required for
dsDNA recombineering.
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This protocol will emphasize modification of bacterial artificial
chromosomes (BACs) and multicopy plasmids but the procedures
described are generally applicable to other replicons. A basic
knowledge of molecular and microbiological techniques is required
to execute the recombineering protocols described here. These
basic techniques are described in detail by Ausubel et al.!'. Recom-
bineering protocols for manipulation of the bacterial and phage
chromosomes are described elsewhere!>!3, Recombineering can
also be used to modify episomal DNAs such as the low-copy
plasmid derivatives of P1 and F that carry artificial chromosomes
and are called PAC (P1 artificial chromosome)!4 and BAC!>1,
respectively. Although multicopy plasmids may be the ideal
choice of vector when the insert size is relatively small (up to 50
kb), PACs, which accommodate inserts of 50-100 kb, and BACs,
which allow inserts of > 100 kb, are used for cloning large genomic
fragments. A BAC is the vector of choice for cloning and manipu-
lating large DNA fragments. BACs may contain genomic segments
that include all of the extragenic cis-regulatory elements (promoter,
terminator and enhancers) of a gene of interest. BACs are there-
fore ideal for generating transgenic mice because the insert size
may allow expression of the cloned gene under the control of its
own regulatory elements, mimicking the endogenous expression
pattern. In addition, because of the ease of obtaining desirable
BAC clones coupled with simple DNA purification protocols, BACs
are widely used in gene mapping and functional studies, analysis
of regulatory elements and expression of a transgene under
the control of a heterologous promoter'”. They are also used for
genetic analysis of mutations that have been identified in human
diseases!®1%, BACs are modified by recombineering in E. coli,
and these modified constructs can then be used to generate
knockout and knock-in mouse models using embryonic stem cell
technology?®21,

The recombineering protocols described here use the bacterio-
phage A Red system that includes the phage recombination genes
gam, bet and exo. The gam gene function, Gam, prevents an E. coli
nuclease, RecBCD, from degrading linear DNA fragments®>?%, thus
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allowing preservation of transformed linear DNA in vivo. The bet
gene product, Beta, is an ssDNA-binding protein that promotes
annealing of two complementary DNA molecules**%%, and the exo
gene product, Exo, has a 5" to 3° dsDNA exonuclease activity?”8.
Working together, these latter two proteins insert linear DNA at the
desired target, creating genetic recombinants (Fig. 1)2°3°. For
dsDNA, Red Exo is thought to degrade from both 5’-ends, exposing
ssDNA that is bound by Red Beta. Use of the phage A Red system
for in vivo genetic engineering was pioneered by Murphy et al.%7,
who demonstrated dsDNA recombination with the Red functions
expressed from the lac promoter, both on a multicopy plasmid and
as an insertion on the E. coli chromosome. Murphy et al.%” used
linear substrate DNA targeting homologies that were greater than
1 kb. Zhang et al* demonstrated that the phage RecET system
catalyzes recombination using targeting homologies of only
40-60 bp. This short-length requirement allowed the homologies
to be incorporated into PCR primers, substantially advancing
the technology. The A Red system was also shown to act on short
homologies®. Ellis et al? demonstrated that the A Beta protein
promotes efficient in vivo recombination with ssDNA, provided as
70-mer ss-oligos. Models for how recombineering occurs®! propose
that the single-strand regions of the incoming linear DNA bound
by the Beta protein are annealed to complementary single-strand
gaps arising at the replication fork during DNA replication.
Consistent with this model, an oligo able to anneal to the
discontinuously replicated lagging strand gives a higher recombi-
nation frequency than its complementary ‘leading strand’ oligo?.
When engineering DNA in vivo, it is important to provide a brief
high-level pulse of the phage recombination proteins. Limited
expression minimizes the toxic effects of the Gam protein®? and
minimizes undesirable genome rearrangements between repetitive
DNA sequences. Although the phage recombination functions have
been produced from multicopy plasmids under control of the
IPTG-inducible lac promoter®’, the lac promoter has a high basal
level and requires the lacIQ repressor gene in cis for tight regulation.
A better choice is the arabinose-inducible pBAD promoter®>3, In
Ara* strains, the pBAD promoter can be tightly repressed by
addition of glucose to the growth medium; however, in ara
mutants, glucose-mediated repression is less effective, even with
the araC gene on the plasmid®>. When the pBAD plasmids are used
for recombineering®*, glucose is not added during cell growth and
arabinose is usually added at least a generation before the cells are
made competent for electroporation. This procedure, although
convenient for induction, does not yield the tightest possible
repression®, In contrast, expression from the A prophage system
is based on the endogenous A regulatory system, which is the
natural method for expression of these recombination functions.
The most recent studies on A (see refs. 36,37) show that its
repression system is uniquely strong: the A repressor binds coop-
eratively at the three operator sites present at both the pL and pR
promoters, and these two sets of repressor-bound operators inter-
act with each other by protein—protein-mediated looping between
pL and pR to generate a handcuff of 12 repressor proteins. To
ensure this same tight repression during recombineering, both sets
of operators are present on all of the prophage constructs, whether
they are in the bacterial chromosome or on low-copy plasmids, and
a temperature-sensitive repressor is expressed from the cI857 gene.
At low temperatures (30-34 °C), the repressor is active and the
recombination genes are not expressed. When the temperature of
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the bacterial culture is shifted to 42 °C for 15 min, the repressor is
rapidly inactivated, and the recombination genes are expressed at
high levels from the powerful ApL promoter. Repressor is renatured
and tight repression is restored by lowering the temperature after
15 min. The short induction time minimizes adventitious recom-
bination and cellular stress*>*3, An advantage of the natural phage
system is that the A repressor is autoregulated and, thus, better
controlled than when recombination genes on multicopy plasmids
are expressed from heterologous promoters, which are often leaky,
causing unwanted expression and side effects. Red recombination
does not require the E. coli RecA function?, and when recombineer-
ing is performed in a strain with a recA mutation, all extraneous
homologous recombination is prevented.

Owing to its high efficiency and short homology requirements,
recombineering can be used for a wide range of applications
(Fig. 2). Recombineering can be used to insert selectable or
nonselectable markers in plasmids, bacterial chromosomal DNA
or BACs. It can be used to generate gene-targeting constructs to be
used for making knockout or knock-in alleles in embryonic stem
cells. This technology is also suitable for generating transgenic
reporter constructs using BACs to express lacZ, fusion tags (e.g.,
GFP, tandem affinity, FLAG, HIS and so on), site-specific recom-
binases (e.g., Cre, Flp), selectable markers (e.g., neomycin resistance
gene) or any cDNA under the control of a tissue-specific promoter
or to make fusion proteins. It can also be used to generate subtle
alterations in BACs or bacterial chromosomal DNA without the use
of any selectable marker or site-specific recombination system.

In spite of being a very tractable and versatile technology,
recombineering has limitations. For example, as very short regions
of homology are sufficient for the recombination, manipulating
regions containing repetitive sequences can be problematic. As
most recombineering-based methods use PCR-amplified products
as substrate DNA, the recombinant products may occasionally
acquire mutations. However, confirming the integrity of the
recombinant target DNA by sequencing helps to discard such
products. Another limitation of recombineering is that the
sequence of the target region must be known. However, because
the entire genome of many organisms has been sequenced, this is
not a limitation for most commonly used organisms.

Experimental design

Each recombineering experiment involves the following six steps,

which are illustrated in the general flowchart (Fig. 2).

(1) Generation of the appropriate linear targeting substrate DNA

(2) Provision of the A Red recombination genes

(3) Induction of the A recombination genes

(4) Preparation of electrocompetent cells and electroporation of
the linear targeting substrate DNA

(5) Outgrowth following electroporation

(6) Identification and confirmation of the recombinant clones.

Substrate DNA design and generation. Depending upon the
application, different DNA substrates are required (Fig. 2). The
creation of appropriate double-stranded and single-strand linear
targeting substrates for specific applications is described below and
their construction is detailed in Step 3 of PROCEDURE.
Double-stranded DNA recombination. Linear dsDNA substrates
for recombineering consist of a region to be inserted flanked by two
homology arms. The inserted region may be either a selectable
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marker or a nonselectable DNA that is used
to replace a counter-selectable marker.
Recombineering can be used to insert a
selectable marker (drug resistance gene or a
prototrophic marker) into the bacterial
chromosome or any episomal DNA. This
is done by using linear DNA containing
the desired selectable marker flanked by
50 bases of homology to the target site
(Figs. 1 and 3). Such substrates can be
made with the PCR by amplifying the
selectable markers using a pair of chimeric
primers, each about 70 bases in length.
Each primer will have 50 bases at the
5’-end corresponding to the region to be
targeted to provide homology and ~20
bases at the 3’-end to prime amplification
of the selectable marker as shown in
Figure 3. Although flanking 50 base homo-
logies are more than sufficient for recom-
bination, longer homologies of 150-200
bases have been used to further improve
the targeting efficiency; however, this
substantially increases the time and effort
required®?!. To use longer homologies,
each homology arm is amplified indepen-
dently by PCR and directionally cloned
into a plasmid so as to flank the selectable
marker already present in that plasmid.
High-fidelity Tag DNA polymerase with
proofreading ability (such as Invitrogen
High Fidelity Platinum 7Tagq or Roche
Expand High Fidelity) is used for generat-
ing dsDNA PCR products for recombineer-
ing substrates; for confirming constructs,
standard Taq polymerase can be used. Try
not to use supercoiled DNA as template for
PCR amplification, as residual intact plas-

Aim

Insert selectable
marker

Retrieve genomic
fragment

Select
recombination
system based
on target DNA

Targeting
substrate
DNA

Generate subtle
alteration
(point mutation)

For Bacterial Chromosomal DNA: use A TetR, Mini-A or pSIM
For high- and low- copy plasmids: use bacterial strains DY380 or SW102
For BAC DNA: use any of these systems

Linear dsDNA
containing
selectable marker
flanked by
homology arms

Linear dsDNA
containing
selectable marker
and plasmid origin of
replication flanked

ss oligonucleotides
or denatured PCR
products

by homology arms

Electroporate

Induce Red recombination genes

substrate Electroporate substrate DNA into bacterial cells
DNA When target DNA is plasmid, coelectroporate substrate DNA and plasmid
Outgrow/selectl Select for antibiotic resistance or prototrophy ‘ Identify HIT clone
by colony
hybridization
Second step |
counter- Second' :
selection or recombineering
FIX step step using ssDNA
Identify FIX clone
by colony
Identify
recombinant Confirm recombination by PCR, restriction enzyme digestion, Southern
clone blot analysis and/or sequencing

Figure 2 | A flowchart of recombineering procedures. Schematic representation of various steps involved
in recombineering. An appropriate system should be selected on the basis of the choice of target DNA. The
type of substrate DNA depends upon the choice of method used. The outgrowth procedures and methods
to identify the recombinant clone are based on the use a selectable marker, selection/counter-selection
method or lack of any selectable marker in the substrate DNA.

mid will give a high background of transformants, making it
difficult to identify actual recombinants. The TKC strain
(Table 1) contains the three genes for antibiotic resistance to
tetracycline, kanamycin and chloramphenicol, as well as their

a

PCR primer (70 nt\

L Neo I

*PCR \PCR primer (70 nt)
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b
+
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regulatory elements. This strain can be used to amplify any of
these markers with the colony PCR technique using the primer
pairs specified in Table 2 (see option A in Step 3 of PROCEDURE,
Fig. 3a). Plasmid templates with selectable markers flanked
by loxP and FRT sites are available through the NCI recombineering
website (http://recombineering.ncifcrf.gov/; see option B in Step 3
of PROCEDURE, Fig. 3a). Drug cassettes with dual promoters that
allow the use of the same selectable marker (e.g., neomycin,
hygromycin and blasticidin) in both bacterial and mammalian
cells are also available.

Figure 3 | Insertion of a selectable marker by recombineering. (a) Targeting
construct can be generated by PCR to introduce the region of homology (in
blue) and a selectable marker (e.g., Neo, kanamycin/neomycin-resistance gene).
The PCR primers used to generate the targeting construct are 70-mer
oligonucleotides with 50 nucleotides corresponding to the target site (e.g.,
Gene X, in blue) sequence to introduce the homology arm and 20 bases from
the ends of the selectable marker (Neo, in pink). (b) The targeting construct is
electroporated into the bacterial cells that are induced to express the phage
recombination genes. Recombinant clones are selected as kanamycin-resistant
colonies in this case and confirmed with PCR using test primers P1 and P2.
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TABLE 1 | Bacterial strains used in recombineering.
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Strain

Primary use

Relevant genotype

Reference Available from

For introduction of BACs

DH10B

DY380

EL250

EL350

SW102

SW105

SW106

Parent strain

BAC recombineering with dsDNA

BAC recombineering: for removing

selectable markers flanked by frt sites

BAC recombineering: for removing
selectable markers flanked by
loxP sites

BAC recombineering: galkK
counter-selection
BAC recombineering: galK
counter-selection
BAC recombineering: galK
counter-selection

For plasmid propagation and recombineering

DH5a

HME70

HME71

Plasmid isolation

Plasmid recombineering:
MMR-deficient strain for high-
efficiency oligo recombination

Plasmid recombineering

Drug cassette amplification

TKC

LE392

DH10B-
containing

BACs

Template for tetracycline,
kanamycin and chloramphenicol

For propagation of ATet phage

mcrA A(mrr-hsdRMS-mcrBC) $80dlacZAM15

55

AlacX74 recA1 endA1 araD139 A(ara, leu)7697

gall pglA8 rpsL nupG

DH10B /.(cI857ind1) A{(cro-bioA) < >tetRA} 44

(TetR) gal490
DY380 (cro-bioA) < > araC-PBAD Flpe

DY380 (cro-bioA) < > araC-PBAD Cre

DY380 Agalk
EL250 AgalK

EL350 AgalK

@80dlacZAM15 A(lacZYA-argF)U169 deoR
recA1 endA1 hsdR17(rk-, mk+) phoA
supE44 thi-1 gyrA96 relA1

W3110 A(argfF-lac)U169 galKtyr145UAG
mutS< >cat A(srlA-recA) ::Tn10 {/cI857
A(cro-bioA) }

W3110 4(argF-lac)U169 galKtyr145UAG
A(srlA-recA) ::Tn10 {cI857 A(cro-bioA)}

tetA, cat, kan

e14- glnV44 supF58 (lacY1 or AlacZy)

galk2 galT22 metB1 trpR55 hsdR514(rk-mK+)

DH10B-containing BAC libraries

bt

44

40

40

40

56

50

50

NIH Strain
Collection

Invitrogen

Court lab
(court@ncifcrf.gov)
The NCI recombineering
website

The NCI recombineering
website

The NCI recombineering
website
The NCI recombineering
website
The NCI recombineering
website

Invitrogen

Court lab
(court@ncifcrf.gov)

Court lab
(court@ncifcrf.gov)

Court lab
(court@ncifcrf.gov)
Court lab
(court@ncifcrf.gov)
BACPAC Resources
Center (BPRC)

Other strains for E. coli recombineering are listed elsewhere

A nonselectable DNA fragment (e.g., a reporter gene, such as
lacZ, a transgene, such as cre, flp or GFP, or a HIS-tag) can also be
efficiently inserted into a genomic region using recombineering.
There are two approaches to achieve this. The first approach is a

12,13

TABLE 2 | PCR primers and possible source of template for drug cassette amplification?.

two-step selection/counter-selection method that allows insertion
of the desired DNA without leaving other undesirable modifica-
tions, in a ‘seamless’ event (Fig. 4a). Generally, a counter-selectable
cassette is first inserted at the site to be changed; this cassette is then

Gene cassette Source Primer sequence Annealing temperature (°C) Size (kb)

Ampicillin (amp) pBluescript SK(+) (Stratagene) 5’-CATTCAAATATGTATCCGCTC-3" 53 1.2
5’-AGAGTTGGTAGCTCTTGATC-3"

Chloramphenicol (cat) pPCR-Script Cam (Stratagene) 5’-TGTGACGGAAGATCACTTCG-3’ 53 0.86
5’-ACCAGCAATAGACATAAGCG-3’

Kanamycin (kan) Tn5 5’-TATGGACAGCAAGCGAACCG-3” 55 0.95
5’-TCAGAAGAACTCGTCAAGAAG-3’

Tetracycline (tetA) Tnio 5’-TCCTAATTTTTGTTGACACTCTA-3’ 55 1.34

5’-CTCTTGGGTTATCAAGAGGG-3’

2When amplified with these primer pairs, all drug cassettes will contain a promoter and all but kan will have a transcriptional terminator.
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Figure 4 | Insertion of a nonselectable DNA fragment by recombineering.

(a) ‘Seamless’ method to insert nonselectable DNA fragment makes use of
selectable markers that can be used for positive as well as negative selection
(e.g., galK). In this two-step method, first the selectable galk marker is
targeted to the site (Gene X) where the nonselectable DNA fragment (Gene Y)
is to be inserted. In the second step, a targeting construct containing the
nonselectable DNA fragment flanked by the same 50 bp of homology to

the target site is electroporated into Gal* bacterial cells containing the
recombinant DNA from Step 1. Clones in which the Gene Y DNA fragment is
correctly targeted are counter-selected for loss of the galK gene. (b) The
scarred method: this method targets both the selected (Neo) and nonselected
(Gene Y) DNAs jointly. In Step 1, the nonselectable DNA fragment (Gene Y) is
introduced along with a selectable marker, Neo, which is flanked by loxP or
FRT sites. Recombinants are selected for the presence of Neo. In Step 2, Neo is
deleted by site-specific recombinase-mediated recombination (Cre for loxP
sites and Flp for FRT sites). Unlike the ‘seamless’ method, a single loxP or

FRT site is retained after recombination.

replaced with the desired alteration in a second recombineering
reaction. In all such procedures, each step can be selected and the
final construct will not have a drug marker or other genetic scar. A
number of counter-selections are available: these include the sacB*
gene linked with a drug marker, such as cat or kan, the galK gene?,
rpsL*!, thyA*? and tolC*. In many situations, such as when using
galK, the same gene can be selected both for and against (Fig. 4a).
The galK counter-selection has been optimized for use with BACs
and uses strains that have been deleted for the galK gene at its
normal chromosome location; such strains include SW102, SW105
and SW106. A detailed protocol for the galK counter-selection
has been published?’. For convenience, the strains and plasmids
used in the galK selection are listed in Tables 1 and 3. In the
second approach, a selectable marker is linked with a nonselectable
DNA fragment and the two are inserted together (Fig. 4b). If
subsequent removal of the selectable marker is desired, it can be
flanked with loxP or FRT sites, thus allowing excision by expression
of the Cre or Flp proteins*!. Template drug cassettes with flanking
loxP and FRT sites that can be used for PCR amplification are
also available from the National Cancer Institute recombineering
website. As a single loxP or FRT site remains after the genetic
manipulation, we refer to this as the ‘scarred’ method (Fig. 4b).

TABLE 3 | Mini-As and plasmids.

Seamless method

@ GaK__ 1 Targeting construct 1
Step 1 +

Recombination and positive
selection (galK™*)
[ galk ]

Step 2
ep Targeting construct 2

%+

Recombination and
negative selection (galK™)

i

b Scarred method

Step 1 @A SNEG S Targeting construct
* Recombination and positive
selection (Neo
Step 2 ()

Site-specific recombinase-
mediated recombination

#

D loxP or FRT site

Recombineering is now routinely used as a subcloning tech-
nique. Whereas classical methods of subcloning using restriction
enzymes and DNA ligase allow manipulation of small DNA
fragments, recombineering allows precise retrieval of even a large
DNA segment from a genomic fragment in a BAC or from the
bacterial chromosome?"#4, Recombineering allows the junctions of
the subcloned fragment to be exactly determined on the basis of
need rather than on chance location of restriction sites. For rapid
subcloning by recombineering, the small retrieval vectors are
generated with PCR using a pair of primers, each with 50 base
homologies at the 5-ends corresponding to the region to be
retrieved and ~ 20 bases of plasmid sequence for PCR amplifica-
tion (Fig. 5). As mentioned above, 150-200 bp homology arms can

Mini-A or plasmid Relevant genotype Antibiotics concentration Source or
(ng ml~! of media) reference

Primary use: express red functions for recombineering

Mini-A Kan (kanamycin) Contained in DH10B 30 31

Mini-A Tet (tetracycline) Contained in DH10B 12.5 31

Mini-A Cat (chloramphenicol) Contained in DH10B 12.5 31

Mini-A Amp (ampilcillin) Contained in DH10B 30 31

pSIM5 pSC101ts gam exo bet chloramphenicol resistance (CmR) 12.5 45

pSIM6 pSC101ts gam exo bet ampicillin resistance (AmpR) 100 45

pSIM7 pBBR1 gam exo bet chloramphenicol resistance (CmR) 12.5 45

pSIM8 pBBR1 gam exo bet ampicillin resistance (AmpR) 100 45

pSIM9 pRK2 gam exo bet chloramphenicol resistance (CmR) 12.5 45

pSIM17 pSC101ts gam exo bet blasticidin resistance (BsdR) 50 45

pSIM18 pSC101ts gam exo bet hygromycin resistance (HygR) 50 45

pSIM19 pSC101ts gam exo bet spectinomycin resistance (SpecR) 100 45
Primary use: amplify galK for counter-selection

pgalk pBluescript SK- pEm7-galK ampicillin resistance (AmpR) 100 40
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Figure 5 | Subcloning DNA fragments from genomic DNA. (a) To subclone or
retrieve a genomic DNA fragment, generate a targeting construct by PCR. Each
primer consists of 50 bases from the end of the genomic DNA that needs

to be subcloned (blue and orange) and 20 bases from the plasmid sequence
(in green) flanking the region of the origin of replication (ori) and

an antibiotic resistance marker (Amp, ampicillin resistance gene). A linear
plasmid DNA is used as template for PCR. (b) The linear targeting construct
(PCR product) is electroporated into the bacterial cells that are induced to
express the phage recombination genes. Recombination between the targeting
construct and the genomic DNA results in the formation of a circular plasmid
by gap repair. The circular plasmid contains the desired DNA fragment.

be cloned to improve retrieval efficiency if necessary?!. A plasmid
template must be used when amplifying the linear retrieval vector
backbone, usually consisting of an origin of DNA replication
and a selectable marker (option C in Step 3 of PROCEDURE,
Fig. 5a). When the linear retrieval vector contains a selectable
marker, however, a potential side reaction of end-joining can
occur, generating a circular plasmid carrying only the selectable
marker®. This is avoided by using a retrieval vector that contains
only the origin of replication; in this approach, the selectable
marker is first inserted adjacent to the target DNA to be retrieved.
See Datta et al® for details. The linear targeting construct
recombines with the target DNA and retrieves the desired fragment
by gap repair. This results in the generation of a circular plasmid
(Fig. 5b). When gap repair is used for retrieving DNA, it is not
necessary to know the DNA sequence of the entire piece to be
retrieved, only that of the flanking region used as targeting
homology. When the length of the fragment to be retrieved is less
than 15 kb, a high-copy plasmid (e.g., pBluescript) can be used, but
a lower-copy plasmid (e.g., pBR322) should be used for larger
fragments*%. In a variation of this method known as ‘in vivo
cloning, a linear DNA to be incorporated onto the plasmid,
often generated by PCR, is coelectroporated with the linear
plasmid. DNA can also be transferred by retrieval from one BAC
to another as has been described*®47.

Single-strand DNA recombination. Recombineering can also
be performed using synthetic oligonucleotides (see Step 2 in
PROCEDURE) or short denatured PCR products®>®48, These
oligos (ss-oligos) or ssDNAs can be used to create single base
changes, insert or substitute short DNA sequences and generate
deletions. Under optimal conditions, creation of small changes with
recombineering using ssDNA is highly efficient and often com-
pletely eliminates the requirement for any selection. Two different
variables contribute to creation of these optimal conditions. One
variable is use of a ‘lagging-strand’ oligo, i.e., a single strand
corresponding in sequence to the DNA chain that is replicated
discontinuously>®. Which of the two complementary oligos corre-
sponds to the lagging-strand oligo will depend on the direction of
DNA replication through the region of the chromosome or episome
to be modified, and often it is easier to just try both strands; one
should recombine with a 20- to 30-fold higher efficiency than the
other. The other important variable includes avoidance of the E. coli
methyl-directed mismatch repair (MMR) system: preventing MMR
increases the effective recombination frequency about 100-fold*°.
As strains mutant for the MMR system acquire adventitious
mutations, procedures that avoid the use of MMR mutants have
been devised. The simplest of these tricks is to use an oligo that
creates a C—C mispair when annealed to the target DNA, as the

PROTOCOL |
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MMR system does not recognize and remove this particular
mismatch. This method has limited utility, however, and other
more generally useful two-step procedures are illustrated below.

A ‘hit and fix’ two-step recombineering approach*®, in combina-
tion with screening by colony hybridization, can be used to generate
and find subtle changes in BAC DNA (Fig. 6). This approach is
particularly useful for modifying DNA regions with repetitive
motifs, which can be difficult to screen by PCR. This method
uses short (~ 180 bp) dsDNA fragments generated by PCR that can
be denatured to provide ss-oligonucleotide substrates for recombi-
neering. In the first ‘hit’ step, a stretch of 20 nucleotides is changed,
including the nucleotide(s) to be mutated in the final construct.
The altered sequence is designed to contain recognition sites for a
restriction enzyme. In the second ‘fix’ step, the bases that were
modified in the first step are restored to the original sequence, with
the exception of the desired mutation(s). As a run of nucleotides is
changed at each step, the recombinant BACs can be detected by
colony hybridization using a primer specific for the altered bases.
Colony hybridization allows thousands of individual colonies to be
screened at once. The presence or absence of the restriction site
provides an additional tool to rapidly confirm both the ‘hit’ and
‘fix’ steps. The central 20-bp region can be the same for all ‘hit’ PCR
products, allowing one 20 base universal probe to be used to
identify the inserts at the ‘hit’ step. See Box 1 for generation of ‘hit
and fix’ substrates and Step 19D of PROCEDURE for identifying
recombinants by the ‘hit and fix’ method.

Oligonucleotides can also be used to precisely delete unwanted
regions of DNA by designing a 70-mer lagging strand oligo that
spans the portion to be deleted, with 35 bases of homology at either
side. The efficiency of deleting large segments is lower than that of
engineering small single-base changes, and a selection or screen will
be needed to identify recombinants>®>0, As an example, a
counter-selection can be used in combination with an oligo to
generate deletions when needed. Alternatively, colony hybridiza-
tion, using a 20-base probe spanning the deletion with ten bases
on each side, can be used to identify recombinants.
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Modifying multicopy plasmids. Recom-
bineering is useful for making point muta-
tions and small changes on plasmids®>>°,
For inserting or deleting larger pieces of
DNA without a selection, classical cloning
methods may sometimes be easier, but the
precision of making junctions is usually
lost. The plasmid to be engineered can be
introduced into the Red-expressing cells
by co-electroporation with the linear
DNA after the recombination functions
are induced; alternatively, it may be resident
in the recombineering host. Coelectropora-
tion of the plasmid with the modifying
DNA, as described in Step 16 of PROCE-
DURE, is often preferable, as it helps con-
trol the number of plasmids present at the
time of recombineering and may minimize
opportunities for plasmid multimer forma-
tion. Recombineering will occur only in
cells receiving the plasmid, so when intro-

Figure 6 | Two-step
‘hit and fix' method

to generate subtle
mutations using ss
short PCR product or
oligonucleotides as
targeting vector. (a) The
ss oligonucleotides
containing 160 bases of
homology and 20 unique
bases are generated by
using two 100-mer
oligonucleotides in a
PCR. The two 100-mer
oligonucleotides have
20 complementary bases
(in this case, the 20 bp
contains restriction sites
BamHI, EcoRV and Xhol)
at the 3’-end. The 180
bp PCR product can be
denatured to obtain ss
oligonucleotides that
can be used as targeting

a Forward primer

[

di
- .
Reverse primer

* PCR
Targeting DNA (PCR product)

construct. (b) Schematic
representation of the
two steps involved in

ducing the plasmid by coelectroporation
with the linear substrate, enough plasmid
molecules must be added to obtain a high
transformation frequency, but not so high
as to introduce large numbers of plasmid
molecules per cell. This is generally about
10 ng of plasmid DNA per electroporation, but
the appropriate amount of plasmid DNA to
add may have to be determined empirically
by generation of a transformation efficiency
curve, as the transformation efficiency of
plasmids may differ (see Box 2). Ideally,
each cell should receive about one plasmid

80 20 80
ggatcctagaattcctcgag
[ J I J
BamHI EcoRV Xhol
Step 1
Wild-type BACP4 P1 po
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Hit targeting DNA
Hit hybridization probe —— 35 nt
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Fix targeting DNA s A
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* Identify recombinant
Fix BAC (mutant)
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‘hit and fix'’ method to generate subtle alterations (e.g., G to A) without the use of a selectable marker. In
Step 1, a 180-mer ss oligonucleotide is used to replace 20 nucleotides (gray box) around the target site with
20 heterologous nucleotides (black box). Recombinants can be identified by colony hybridization using an
end-labeled 35-mer oligonuclotide that can specifically anneal only to the recombinant DNA. A primer set
specific for the heterologous ‘hit’ sequence (P3 and P2) can be used to confirm the presence of recombinant
clones by PCR. A second primer set (P1 and P2) can be used as a control to amplify only the
nonrecombinant DNA. Generation of a correct recombinant clone can be confirmed by digesting with BamHI,
EcoRV or XhoI the PCR product (approximately 300-500 bp) of primers P2 and P4. In Step 2, the 20
nucleotides are restored to the original sequence, except for the desired mutation. Such clones can be
identified by colony hybridization using a 35-mer oligonucleotide as probe and further confirmed by PCR
amplification using primers P1 and P2, by testing for loss of the restriction sites inserted in Step 1, by
digesting the PCR product of primers P2 and P4 and by sequencing.

molecule. If the plasmid is very large and
has a low copy number, coelectroporation may not be practical; in
this case, a resident plasmid should be used for modification.

The intracellular copy number of commonly used plasmids such
as pUC derivatives may exceed 500 copies per cell’l. Such a high
copy number means that most copies will not be altered during
a recombineering reaction, and cells that contain recombinant
plasmid molecules will also contain many unmodified parental
molecules. To create pure clonal populations of the recombinant, it
is necessary to separate the recombinant class from the unmodified
class; this is done by isolating the plasmid DNA after recombineer-
ing and retransforming it at a low concentration of less than

one molecule per cell. If plasmid DNA has been deleted during
the recombineering, often the plasmid mixture can be digested
with a restriction enzyme that cuts only the parental plasmid
species but not the desired recombinant, thus enriching for the
recombinant class.

When making changes on plasmids, it is important to begin the
procedure with a pure monomer plasmid species. By the same
token, it is also important to use a host defective in RecA-mediated
homologous recombination to prevent plasmid multimer forma-
tion by host recombination pathways. However, it has been
observed®>? that when plasmids are modified with recombineering,

BOX 1 | GENERATION OF ‘HIT' AND ‘FIX’ PCR PRODUCTS

1. Synthesize a linear dsDNA cassette with PCR using two 100-mer oligonucleotide primers that overlap by 20 nucleotides (nt) at their 3’-ends,
designing the primers so that the resulting DNA contains 80-nt homology arms flanking a 20-nt heterologous region. For each change to
be created, the ‘fix’ DNA should contain the same homologies as the corresponding ‘hit’ DNA. Only the central region of the two PCR
products will vary. The exact sequence of the ‘hit’ 20-nt central region is not critical as long as it is different from the wild-type sequence(s)
and contains a restriction site not present in the flanking homology; however, we recommend using our universal 20 base sequence:

5’-GGATCCTAGAATTCCTCGAG-3".

2. For the “fix’ DNA, replace the central 20-bp sequence with the endogenous sequence but include the desired mutational change(s).
3. Verify the size of the PCR products (180 bp) by agarose gel electrophoresis and purify them with a PCR clean-up kit.
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BOX 2 | DETERMINATION OF PLASMID DNA TRANSFORMATION EFFICIENCY

PROTOCOL |

1D

1. Make electrocompetent cells as described in the protocol (PROCEDURE Steps 9-15), adding a different amount of DNA to each of several

electroporations (suggested range is 0.1, 1, 10 and 100 ng).

2. Outgrow the electroporation mixes for 2 h and plate tenfold serial dilutions on Petri plates, selecting for the plasmid drug resistance. Use a
range of dilutions to obtain countable number of colonies for each transformation.
3. The next day, count colonies and generate a semilog graph of the number of transformants (ordinate) versus the amount of DNA added

(abscissa).

4. From the graph, determine the minimum amount of DNA necessary to achieve maximal transformation efficiency (i.e., without adding excess

DNA), and use this amount of DNA for each recombineering reaction.

? TROUBLESHOOTING

some larger multimeric circles of these plasmids arise. As these
multimers form during and are dependent upon the recombineer-
ing reaction, they cannot be totally eliminated. There is anecdotal
evidence that other replicons, including BACs, may also form
larger-order multimers during recombineering. Ways to deal with
these multimers are suggested in the Troubleshooting section.

Provision of the . Red recombination genes. There are several
ways to provide the prophage system that will express the phage
recombination proteins in the bacterial cells where recombineering
is performed (Fig. 6). All variations allow highly efficient recombi-
nation, and the choice of which to use will depend on the target
DNA (see Fig. 2). When high- or low-copy plasmids have to be
manipulated, bacterial strains containing the prophage recombina-
tion system on the chromosome (e.g., DY380 and its derivatives,
such as SW102) should be used. When the bacterial chromosome
or BAC DNA is modified, mobile recombineering systems, such as
the pSIM vectors, mini-A or the replication-defective A phage

Figure 7 | Schematic representation of A phage constructs used for
recombineering. (a) The A prophage with some of its genes is shown
integrated in the bacterial chromosome. It is adjacent to the biotin gene
bioAB. Bacterial DNA is shown as a blue bar; phage DNA is shown as a red bar;
and a region containing a deletion and/or a substitution is shown as a white
bar in b-d. The complete A prophage is flanked by its attachment sites att,
where integration occurred. The int and xis genes located in the pL operon
encode functions to integrate and excise the phage DNA into and out of the
bacterial chromosome. Two operons with their promoters pL and pR are
indicated. Transcription of the promoters is controlled by the A CI857
repressor. This repressor is temperature sensitive in that it is active and
represses the promoter at 30-32 °C but is inactive at 42 °C allowing for
transcription. The N protein functions as a transcription anti-terminator and
prevents RNA polymerase termination of pL transcripts at terminators tL1, tL2
and tL3. The red genes exo, bet and gam encoding the homologous
recombination functions are also in the pL operon. The kil gene is adjacent to

(ATetR), can be introduced into the bacterial cells to be engineered
(Fig. 7a—d). BAC DNA can also be transformed into bacterial
strains containing the repressed recombination system. In all cases,
it is advisable to check the integrity of the BAC DNA by restriction
analysis before proceeding with the recombineering procedure. The
individual options are discussed in more detail below.

Bacterial strains with defective prophage; DY380 and derivatives. A
number of bacterial strains have been generated that harbor a
defective A prophage that is stably situated in the bacterial chromo-
some (see Step 4A of PROCEDURE, Fig. 7b and Table 1). Such
host strains are ideal for manipulation of plasmid DNA, which can
be introduced into these bacterial strains. Another major advantage
of using the strains containing the integrated A prophage is that a
drug selection need not be applied to maintain the recombineering
system. Strains routinely used for BACs include DY380*, SW102
and their derivatives*’. To use these strains, the BAC or plasmid to
be modified must be introduced into the recombineering strain by
transformation (see Box 3). A mini-prep method described below

a

< — >
att int xis t, 5 exo bet gam kil t, ,t, ; N pL rex cl857 pR cro OP Q SR.A-J att..bioA B

“att int xis 1, 5 €x0 bet gam kil t; ,t, ; N pL rex cl857 pR...[Acro-bioA]...bio B
| ——————————— ]
Cc
~ att int xis {, 5 €x0 bet gam kil t, ,t, ; N pL rex cl857 pR [Acro-J] att
.| .

—
f, 5 €x0 bet gam [Akil - N] pL[Arex] ¢I857 pR
| I

gam and, when expressed for over 1 h, kills the bacterial cell32. The replication genes 0 and P are in the pR operon. Cro functions as a partial repressor of the pL
and pR operons when (I is inactive at 42 °C. The lysis and structural genes, SRA-J, are shown located beyond their reqgulator Q. The A TetR phage used for
recombineering is identical to the above complete prophage with the exception of four changes. The replication gene P has an amber mutation, the cro gene
also has an amber mutation, and the tetA gene encoding tetracycline resistance replaces rex. (b) The defective prophages in DY380, SW102 and the HME strains
have the lytic pR operon deleted from cro through the bioA genes as shown in brackets. The right att site is also deleted, preventing any excision of this
prophage. In DY380 and SW102, cro through bioA is replaced by the tetracycline resistance cassette, tetRA. (c) The mini-A phage DNA is shown with the lytic
genes cro through J deleted. In different constructs of the mini A, the cro-J region is replaced with various drug-resistant cassettes. Mini-A has both att sites
plus 7nt and xis, which allows for its integration and excision. (d) The A segment on the pSIM plasmids is shown. The plasmid backbone is not shown. The genes
from cro to att are removed as well as genes beyond tL3, including int and xis. The red genes are connected directly to pL by a deletion that removes kil through
N. The drug-resistant marker characteristic of each SIM plasmid replaces the rex gene adjacent to cI857. The basic features are conserved in all of these Red
expression constructs. Red is left under the native phage-controlling elements for optimal expression and regulation. The pL promoter drives gene expression and
is controlled by the temperature-sensitive but renaturable A CI857 repressor. In all, the cro gene is inactive to maximize pL expression, and the replication genes
are absent or inactive to prevent lethal effects on the cell.
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BOX 3 | ELECTROPORATION OF BAC DNA INTO BACTERIAL STRAIN OF CHOICE

1D

1. Pick an isolated colony from an LB plate and grow overnight in 3-5 ml of LB at 32 °C.

2. Next morning, add 0.5 ml of the culture to 25 ml of LB in a 250-ml flask and grow at 32 °C to an 0Dgqg of 0.50-0.60. Transfer the culture to a
50-ml Oak Ridge tube and spin at 6,000g in prechilled rotor for 10 min at 4 °C.

3. Wash the cell pellet with 20 ml of ice-cold H,0 once and then resuspend in 1 ml of H,0 and transfer to a chilled 1.5-ml tube. Spin at 10,000g

for 20-30 s at 4 °C.

4. Wash the cells two more times with 1 ml of ice cold H,0. Resuspend the cell pellet in H,0 in a final volume of 100 pl and keep on ice.

5. Mix 100 ng of BAC DNA with 50 pl of electrocompetent cells and chill on ice for 5 min then transfer into a 0.1-cm cuvette. Introduce the
BAC DNA into the cells by electroporation (1.8 kV, 25 puF capacitance and 200 Q resistance). Also do a control electroporation where no
DNA is added. After electroporation, immediately add 1 ml of LB and transfer the cells to a standard sterile culture tube. Incubate cells at
32 °C for 1 h. Spin down cells for 20-30 s in a microcentrifuge. Resuspend the pellets in 200 pl of LB. Plate each aliquot of cells on a single
LB plate containing chloramphenicol (12.5 ug ml=?) and incubate for 20-22 h at 32 °C. Only the BAC DNA electroporation should have

colonies.

6. Pick 5-10 individual colonies and grow in 3 ml of LB containing 12.5 ug ml=t chloramphenicol. Extract BAC DNA and perform restriction
digestion with common enzymes like EcoRI, BamHI, PstI, HindIII, EcoRV. Run the sample on 0.8% agarose gel. Compare the restriction pattern

with that of the original BAC DNA.

(see Box 4) works well for rapid extraction of BAC DNA and
produces DNA that is suitable for restriction digestion, PCR
analysis and sequencing®®. For targeting both BACs and any
multicopy plasmids, it is important to use recA mutant strains such
as these.

Mobile recombineering systems; mini- and pSIM plasmids. There
are mobile recombineering systems available that can be introduced
into any bacterial strain to allow manipulation of the BAC or
chromosomal DNA. Such mobile elements include ‘mini-A’>* and
the plasmids collectively called the pSIM vectors*’ (see Steps 4B and
4C of PROCEDURE, respectively). Both mini-A and the pSIM
plasmids provide the same endogenous phage-controlling elements
and Red recombination functions present in the above-mentioned
defective prophage strains (see Fig. 7c,d); however, these must be
introduced into the BAC-containing strain. Mini-A consists of a
defective nonreplicating, circular phage DNA, which, once intro-
duced into the strain, integrates into the bacterial chromosome
using site-specific recombination®®, The integrants are selected by
the presence of the antibiotic resistance gene carried by the mini-A.
Once integrated, mini-A is stable, replicates as part of the host
chromosome and does not require drug selection for maintenance.
The mini-A includes the pL operon from which are expressed the
int and the xis genes that catalyze the site-specific integration/
excision events, as well as the exo, bet and gam recombination
genes for recombineering (Fig. 7c). In addition to being easily

BOX 4 | SMALL-SCALE MINIPREP FOR BAC DNA PREPARATION

introduced into any bacterial cell, the mini-A can be readily
excised to cure the cells of the phage DNA. The excised mini-A
DNA circle can also be purified from the induced bacterial cells
using a standard plasmid purification protocol. The pSIM vectors*
consist of the elements of the prophage necessary for recombineer-
ing (see Fig. 7d) carried on a number of different plasmid origins.
Especially useful is a pSC101 plasmid derivative with temperature-
sensitive DNA replication; this plasmid has a low copy number
and the #s replicon allows loss of the plasmid after recombineering
is completed. These plasmids are available with a variety of
selectable antibiotic resistance markers (Table 3). Unlike the
prophage and the mini-A, they require drug selection for stable
maintenance.

A phage carrying tetracycline resistance gene; ATetR. A further
means of expressing the Red system is from a A phage carrying
a tetracycline resistance gene?® (see Step 4D of PROCEDURE).
This phage system combines the advantages of stability and
mobility. The genotype of this phage is A cI857 indl rexAB< >
tetAR croryrosam PoINsoam» and it is referred to here as ATetR (see
Fig. 7a). The ATetR is easy to prepare as a high titer phage
lysate; using this lysate, lysogens are readily created by infection
of the desired host and TetR selection. The efficiency of lysogeny
is greater than that of plasmid transformation, and once introduced
into the BAC-containing strain, the prophage is very stable and
drug selection is no longer required.

15H

1. Inoculate a single colony of DH10B cells containing the BAC into 3 ml of LB containing chloramphenicol (12.5 pug ml~1) and grow overnight
at 32 °C (because of the presence of the Red system) in a shaking incubator at 200-250 r.p.m.

2. Next day, pellet 1.5 ml of culture by centrifugation in a 1.5-ml tube at 10,000g at room temperature (20-25 °C) for 1 min.

3. Add 100 pl of chilled alkaline lysis solution I. Resuspend by pipetting the cells up and down using the pipette tip. Place on ice for 5 min.
4. Add 200 pl of freshly prepared alkaline lysis solution II. Gently invert the tubes until the lysate is clear. Place on ice for 5 min.

5. Add 150 pl of alkaline lysis solution III and mix gently until a white precipitate appears. Place on ice for 5 min. Centrifuge the tubes at
10,000g for 5 min at 4 °C and then transfer the supernatant to a clean 1.5-ml tube.

6. Add two volumes of 95% ethanol to the supernatant. Mix and place on ice for 30 min. Centrifuge at 10,000g for 10 min at 4 °C.

Discard supernatant and wash the pellet with 70% ethanol. Air-dry the pellet and resuspend in 30-50 pl of 1x TE (10 mM Tris-HCL, pH 8.0;

1.0 mM EDTA).
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Induction of the A recombination genes. The Red system is
induced by incubating the mid-log bacterial culture in a 42 °C
water bath shaking at 200 r.p.m. for 15 min as detailed in Steps 6-8
of PROCEDURE. It is important to note that air shakers are not
satisfactory for this purpose because the heat transfer is less efficient
with an air shaker. Immediately after the heat pulse, the cells should
be placed in an ice-water slurry for quick chilling. Failure to rapidly
chill the cells may result in premature decay of the recombination
activity. Once the cells are induced for the Red functions, it is best
to complete the procedure promptly.

Preparation of electrocomptent cells and electroporation of the
linear targeting substrate DNA (see Steps 9-18 of PROCE-
DURE). The chilled cells are gently washed twice with cold sterile
water to remove salts that will cause problems during electropora-
tion. The washed cells are suspended in a small volume of water and
mixed with the linear DNA substrate, then aliquoted into chilled
electroporation cuvettes. Luria broth (LB) is added immediately
after electroporation to maximize recovery of viable cells.

PROTOCOL |

Outgrowth following electroporation. The cells are fragile after
electroporation and require a minimal 30-min recovery period in
LB before plating. An outgrowth period may also be needed to
allow expression of cloned genes, such as those encoding antibiotic
resistance. The details of the outgrowth procedure will vary
according to the type of recombineering reaction performed and
how the recombinants will be identified. The various types of
outgrowth are described in Step 19A-D of PROCEDURE.

Identification and confirmation of the recombinant clones.
Drug-resistant recombinants are first selected using the appropriate
antibiotic resistance and then analyzed with PCR to verify that the
insertion has gone to the proper location. In certain cases, such as
for multicopy plasmids, restriction analysis may be used to confirm
the recombinant clones. Southern blots and sequencing may be
used to analyze BAC or genomic recombinants. When a point
mutation or other subtle change is made, DNA sequencing must be
used to confirm correctness of recombinants. Recombinant identi-
fication is described in Steps 19A-D of PROCEDURE.

MATERIALS
REAGENTS
+ One of the following is required to express the Red functions (see
Experimental design for further details):
» Bacterial strain containing defective A prophage (see Table 1)
* Mini-A DNA (see Table 3)
* pSIM plasmid (see Table 3)
« MTetR phage with titer of at least 10° plaque-forming units ml~!
+ Ampicillin (A0166, Sigma)
+ Kanamycin (K0254, Sigma)
+ Chloramphenicol (C7795, Sigma)
« Tetracycline (T7660, Sigma)
+ Hygromycin (H3274, Sigma)
- Sterile distilled H,O, chilled on ice
+ Minimal salts solution, such as M9
+ Plasmid DNA isolation reagents (12163, Qiagen maxiprep kit; 27104, Qiagen
miniprep kit)
+ PCR purification kit (28104, Qiagen)
+ Gel extraction kit to purify DNA from agarose gels (28604, Qiagen)
+ High-fidelity Taq polymerase with proofreading ability (11304-029, Invitrogen)
- Standard Taq polymerase (11342-020, Invitrogen)
+ dNTP mixture, 10 mM each, PCR grade, (10297-018, Invitrogen)
+ Agarose (SeaKem LE, ISC Bioexpress)
+ Restriction enzymes (New England Biolabs)
+ Glycerol (BP229-1, Fisher Scientific)
+ Chimeric primers for PCR amplification of recombineering substrates,
25 pmol pl~! in H,O (Integrated DNA Technologies)
+ Bacto-tryptone (Difco)
+ Yeast extract (Difco)
+ One of the following sources of pure linear DNA for recombineering
(see Experimental design for further details), suspended in sterile H,O:
+ Purified PCR product with 50 bp of homology to the target, ~100 ng pl~!
+ 70-mer ss-oligo (salt-free but otherwise unpurified) with desired changes(s)
at center and with ~ 35 bases flanking homology, 0.5 pmol pl~!
(Integrated DNA Technologies)
+ Plasmid backbone with flanking homology to DNA to be retrieved,
~100 ng pl~!
» Lysozyme (Roche Molecular Biochemicals)
EQUIPMENT
- Constant temperature bacterial incubator set at 30-34 °C (2005 Low temp
Incubator, VWR)
+ Two shaking H,O baths (200 r.p.m.) set at 30-32 °C and at 42 °C
(G-76, New Brunswick Scientific)
« Spectrophotometer and cuvettes (DU 530, Beckman-Coulter)
« Electroporator (Genepulser II with Pulse Controller II, Bio-Rad)
+ Electroporation cuvettes with 0.1-cm gap (870582, Bio-Rad), labeled and
prechilled

» Floor model low speed centrifuge at 4 °C (Avanti, J-25I, Beckman)

- Refrigerated microcentrifuge at 4 °C (Micromax, RE, IEC)

+ Thermal cycler and accessories for PCR (MyCycler, Bio-Rad)

- Agarose gel electrophoresis apparatus (Bio-Rad)

- Sterile 125- and 250-ml Erlenmeyer flasks, preferably baffled (2540-00125
and 2540-00250 respectively, Bellco)

- Sterile 35- to 50-ml centrifuge tubes (03530, Thermo Scientific)

- 1.5-ml microfuge tubes (022363204, Eppendorf)

+0.2-ml flat cap PCR tubes (TFI0201, Bio-Rad)

+ Insulated ice buckets (35754-100, VWR)

- Sterile glass culture tubes (16 mm x 150 mm) for overnight growth of
bacterial cultures (89000-506, VWR)

- Stainless steel caps for culture tubes (60825-882, VWR)

- Pipetters of various volumes (Gilson) with aerosol-resistant sterile tips

+ Petri plates, 100 mm x 15 mm (25834-302, VWR)

+ Computerized DNA analysis program (Gene Construction Kit, Textco
Biosoftware; Vector NTI, Invitrogen)

REAGENT SETUP

M9 medium Mix 3.0 g of KH,POy, 12.8 g of Na,HPO, - 7H,0, 1.0 g of NH,Cl,
0.5 g of NaCl and 1 liter of distilled H,O

LB Mix 10 g of Bacto-tryptone, 5 g of yeast extract, 5 g NaCl and 1 liter H,O,
pH 7.2. A CRITICAL Both M9 and LB should be autoclaved for sterility and
stored at room temperature (20-25 °C).

Alkaline lysis solution I 25 mM Tris-HCI, pH 8.0, 50 mM glucose, 10 mM
EDTA, pH 8.0, 2.5 mg/ml of Lysozyme and 100 pg/ml RNase A

Alkaline lysis solution II 0.2 N NaOH and 1% Sarcosyl

Alkaline lysis solution III 5 M Potassium acetate, pH 4.8

EQUIPMENT SETUP

LB and Petri plates LB and Petri plates (100 mm x 15 mm) containing 1.5%
(wt/vol) Difco agar, with antibiotics as needed (see Table 4)

TABLE 4 | Antibiotics and concentrations (ug ml~?1) used in media for
selection.

Antibiotic Single copy? Multicopy plasmids
Ampicillin 30 100
Kanamycin 30 50
Chloramphenicol 10 20
Tetracycline 12.5 25
Hygromycin Not used in single copy 50
Spectinomycin 100 100
Blastocidin 50 50

aUse these concentrations for drug markers on BACs or the £. coli chromosome and for single-copy
plasmids.
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PROCEDURE

Design and generation of linear DNA substrate for recombineering

1| Before beginning recombineering, precisely design your desired DNA sequence in silico. This is greatly facilitated by use of
computerized DNA analysis programs, such as Gene Construction Kit (Textco Software) or Vector NTI (Invitrogen).

A CRITICAL STEP Design the desired molecule on the computer before ordering primers!

2| From the in silico design of the new DNA molecule, generate the sequence(s) of required primers or 70-mer ss-oligos

(see Experimental design) and order or synthesize them as salt-free and otherwise unpurified.

A CRITICAL STEP Be sure to include the 50 bases of flanking homology to the 5’-ends of your primers (see Experimental design).
A CRITICAL STEP ss-oligos can be directly used as substrates for recombineering after appropriate dilution.

3| To generate dsDNA substrates for recombineering by PCR, different templates can be used as follows: option A for bacterial
DNA (Fig. 3a), option B for plasmid DNA (Fig. 3a) and option C for plasmid origin amplification (Fig. 5a).
(A) PCR-amplification of dsDNA substrate for recombineering from bacterial DNA 3-4h
(i) Antibiotic resistance genes containing tetracycline, kanamycin and chloramphenicol cassettes can be amplified from the
TKC strain using ‘colony PCR" and primer pairs listed in Table 2. To perform colony PCR, prepare a PCR without allowing
any volume for the template DNA; for a typical 50-ul PCR, using the high-fidelity Platinum Tag kit from Invitrogen, mix
the following in a 0.2-ml PCR tube using sterile technique (for multiple PCRs, prepare a master mix and dispense aliquots
as appropriate):
e 5ul of 10x PCR buffer
e 2 ul of 50 mM MgSO0,
* 1 ulof 10 mM dNTP mixture
« 1l of each primer (25 pmol ul=! in H,0)
0.5 ul of platinum Tag high fidelity
= 39.5 ul of sterile distilled H,0
(ii) Lightly touch a fresh colony of the E. coli strain with a sterile inoculating loop and mix cells into the PCR.
(iii) Use the following PCR program suitable for amplifying any of the drug cassettes referred to in Table 2 (using optimal
conditions for Invitrogen Platinum Tag high fidelity):
« Initial denaturation: 94 °C, 5 min
 Subsequent denaturation: 94 °C, 30 s
= Anneal primers: 53 °C, 30 s
« Extension: 68 °C, 1.5 min
» Repeat the last three steps 29 times
« Final extension: 68 °C, 10 min
« Hold at 4 °C

(iv) Visualize the PCR on an agarose gel as described elsewhere!’.

(v) Remove salt and clean up the PCR product by ethanol precipitation as described elsewhere!! or by using a commercially
available kit and following the manufacturer’s instructions.

(vi) Suspend the product in small volume of H,0 so as to have a concentration of ~100 ng pl~.

(B) PCR-amplification of dsDNA substrate for recombineering from plasmid DNA 3-4h

(i) Plasmid templates must be linearized before PCR amplification. Digest plasmid DNA with a restriction enzyme at sites
present in the vector sequence but absent in the sequence to be amplified'?.

(i) Run an aliquot of the DNA on an agarose gel to verify complete digestion®.

A CRITICAL STEP Be aware that super-coiled plasmid migrates at ~70% of the size of a full-length linear species.

(iii) If necessary, cut the band containing the linearized DNA from the gel and extract the DNA'™.

(iv) Resuspend the linear DNA in 20-30 pl TE (pH 8.0), check the concentration using a spectrophotometer (read absorbance
at 260 nm) and dilute to 0.5-1.0 ng ul=. A purified fragment containing just the drug cassette can be stored and reused
as template.

(v) Amplify the drug cassette with a pair of chimeric primers, using PCR conditions based on information in Table 2 and a
Tag DNA Polymerase with proofreading ability.

(vi) Examine the PCR product by agarose gel electrophoresis®®.

(vii) Gel-purify the desired band!! to eliminate contamination of supercoiled plasmid.

(viii) If linear plasmid DNA was used as template and the product was not gel-purified, digest the PCR with 3-5 U of the
modification-dependent restriction enzyme Dpnl per g DNA (at 37 °C for 2 h), which will cut the plasmid DNA but not
the unmodified PCR product. DpnlI digestion may not totally eliminate plasmid background, however.

A CRITICAL STEP Do not expose the PCR product to direct UV light, which may damage it and result in abnormal
recombination frequencies.
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(ix) Clean up the PCR product as described in Step 3A(v).
A CRITICAL STEP Do not use supercoiled DNA as template for PCR amplification. To avoid having to gel-purify the DNA
or treat with Dpnl, use the TKC strain as a template when possible.
(C) Generation of dsDNA substrate for recombineering by PCR amplification of plasmid origin for gene retrieval
3-4h

(i) Digest the plasmid with one or more restriction enzyme(s) that do not cut within the region to be amplified.

(1) Amplify the origin and selectable marker from the linear plasmid by PCR using the primers generated in Step 2 (reaction
conditions will need to be established empirically). Use the least amount of linear plasmid possible for the PCR template,
to minimize residual uncut plasmid.

(iii) Digest the completed PCR with Dpnl to further remove the template plasmid as in Step 3B(viii).

(iv) Purify the PCR product to remove salt before proceeding (as in Step 3A(v)). The amplified product will be a linear plasmid
with flanking homology to either side of the region to be rescued from the chromosome. It is possible to avoid the
potential side reaction of plasmid end-joining by using an alternative approach: amplify a retrieval vector containing only
the origin of replication, after first inserting a selectable marker different than the one on the starting plasmid next to
the target DNA to be retrieved*®. See Box 1 for generation of ‘hit’ and ‘fix’ PCR products.

? TROUBLESHOOTING

Provision of the A Red recombination genes

4| Provide the A recombination genes from the defective prophage present in DY380 and its derivatives (option A),

the mini-A (option B), a pSIM plasmid (option C) or the replication-defective ATet phage (option D).

A CRITICAL STEP Itis critical to realize that in all cases, the Red genes are under control of a temperature-sensitive repressor, and
strains containing them should always be propagated at a low temperature (30-32 °C) except during induction of the Red system.
(A) Provision of the A Red recombination genes from DY380 and derivatives

(i) DY380 and derivatives already contain the Red functions and so require no further preparation before using for
recombineering. See Box 3 for electroporation of BAC DNA into bacterial strain of choice and Box 4 for small-scale
miniprep for BAC DNA preparation.

(B) Provision of the L Red recombination genes from Mini-A 2d

(i) To prepare the mini-A DNA, inoculate a single colony of E. coli with an integrated mini-A prophage into 125 ml of LB
containing appropriate antibiotics in a one-Liter flask and culture overnight at 30-32 °C.

(ii) The next day, incubate the culture at 42 °C for 15 min to induce excision of the mini-A DNA circles.

(ii1) Chill the culture on ice for 15 min and extract the mini-A DNA using a standard plasmid midi-prep purification kit
(e.g., Qiagen) as described previously®3.

(iv) Introduce the mini-A into the desired E. coli strain that will be used for recombineering by mixing 1 pul of mini-A DNA
(25-35 ng) with 25 pl of electrocompetent bacterial cells and introduce the DNA by electroporation. Also do a control
electroporation of cells alone without added DNA.

(v) Grow the transformed cells at 32 °C for 1 hour in LB medium and plate dilutions on an LB agar plate containing the
appropriate antibiotic to select the strain with mini-A (see Table 4, use antibiotic concentration indicated for single-copy
plasmids). Incubate overnight at 32 °C.

(vi) Pick isolated colonies for recombineering and test for the presence of the prophage by confirming that the strain is
temperature sensitive for colony formation on antibiotic plates at 42 °C.

(C) Provision of the A Red recombination genes from pSIM plasmids 1d

(i) Introduce the pSIM plasmid DNA into the bacterial strain where recombineering will be performed by selecting for the
appropriate antibiotic resistance of the plasmid and plating the cells at 30-32 °C (see Table 4, use antibiotic
concentration indicated for multicopy plasmids).

(ii) Purify a single colony 30-32 °C and grow an overnight culture from it with the appropriate antibiotic using methods
described elsewhere!®.

(D) Provision of the A Red recombination genes from replication-defective ATet phage 1d

(i) Grow a 1-ml culture of the appropriate bacterial strain that will be used for recombineering overnight in LB, adding
chloramphenicol (10 pg ml=) if a BAC is present.

(ii) The next day, pellet the cells by centrifuging at 10,000g at 20-25 °C for 1 min in a microfuge and suspend them in 0.1 ml
of 10 mM MgS0,.

(iii) Add 1 ul of high titer phage stock (at least 10° ml~?) to the cells and incubate at 32 °C for 20 min.

(iv) Add 1 ml of LB and incubate for 1 h at 30-32 °C, then plate a series of tenfold dilutions on LB-Tet plates (tetracycline
concentration: 12.5 ug ml~1) and incubate at 30-32 °C overnight.

(v) Purify tetracycline-resistant colonies by streaking the bacteria and picking isolated colonies on LB-Tet plates.

? TROUBLESHOOTING
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5| Inoculate the bacterial strain containing the Red functions from a single colony into 3-5 ml of LB medium. Incubate the
culture at 32 °C overnight with aeration.

A CRITICAL STEP Maintain antibiotic selection for the BAC (chloramphenicol 10 ug ml=1), and if a pSIM plasmid is used, also
include the antibiotic for the pSIM (see Table 4, use antibiotic concentration indicated for multicopy plasmids).

B PAUSE POINT Once the recombineering strains are created, they can be frozen and stored indefinitely for future use

at —70 °C as a glycerol stock prepared by mixing 1 ml of a freshly grown overnight culture with 1 ml of 50% glycerol

(dilute glycerol in water (vol/vol) and autoclave).

Induction of the A recombination genes 3h

6| Add 0.5 ml of the overnight culture to 35 ml of LB medium in a 250-ml baffled Erlenmeyer flask. Supplement with
appropriate antibiotic to maintain plasmids, if needed. Use antibiotic concentration indicated in Table 4.

A CRITICAL STEP Dilute the overnight culture by at least 70-fold.

7| Place the flask in the 32 °C H,0 bath and grow cells with shaking for about 2 h or until the cells reach an 0Dgg of 0.4-0.6.
A CRITICAL STEP The growth time may vary with different strains. The cells are ready when the ODgqq is 0.4-0.6. It is important
not to overgrow the cells, as stationary-phase cells are not optimal for recombineering.

8| Transfer half of the culture to a 125-ml Erlenmeyer flask and place the flask to shake in a 42 °C H,0 bath; keep the other
flask at 32 °C. Shake for 15 min at 200-220 r.p.m. The culture at 42 °C is induced for recombination functions and the 32 °C
culture is the uninduced control.

? TROUBLESHOOTING

Preparation of electrocompetent cells and electroporation of the linear targeting substrate DNA 2h
9| Immediately after the 15-min induction, rapidly chill both cultures in an ice-water slurry; swirl the flasks gently. Leave on
ice for 5-10 min. Label and chill two 35- to 50-ml centrifuge tubes for each set of induced and uninduced cells.

10| Transfer both the induced and uninduced cultures to the centrifuge tubes and centrifuge at 4,600g (6,700 r.p.m. in a
Sorvall SA-600 rotor) for 7 min at 4 °C. Using sterile technique, aspirate or pour off supernatant.

11| Add 1 ml of ice-cold sterile distilled H,0 to the cell pellet and gently suspend cells with a large pipette tip (do not vortex).
Add another 30 ml of ice-cold distilled H,0 to each tube, seal and gently invert to mix, again without vortexing. Centrifuge
tubes again as mentioned in Step 10.

12| Promptly decant the 30-ml supernatant very carefully from the soft pellet in each tube and gently suspend each cell pellet

in 1 ml of ice-cold distilled H,0.
A CRITICAL STEP Remove tubes from the centrifuge promptly at the end of spin. The pellet is very soft and care should be taken not

to dislodge it or lose the cells, especially when processing multiple tubes. If necessary, leave a little supernatant in the tube.
? TROUBLESHOOTING

13| Transfer the suspended cells to pre-chilled microcentrifuge tubes. Centrifuge at 10,000g in refrigerated microcentrifuge
for 30 s at 4 °C. Carefully aspirate the supernatant and suspend cells in 1 ml of ice-cold H,0, centrifuge again and aspirate
supernatant, being extremely careful with the pellet.

14| Suspend the cell pellet in 200 pl of sterile cold distilled H,0 and keep on ice until used.
A CRITICAL STEP For highest efficiency, use freshly processed cells.

15| To introduce the linear DNA recombineering substrate (from Step 3) into the electrocompetent cells (from Step 14) by
electroporation, chill the desired number of labeled 0.1-cm electroporation cuvettes on ice. Turn on the electroporator and set
to 1.80 kV, 25 uF capacitance and 200 Q resistance.

? TROUBLESHOOTING

16| In labeled microcentrifuge tubes on ice, mix 1 pl of DNA from Step 3 (~ 100 ng of salt-free PCR fragment or 0.5 pmol (~ 100 ng)
ss-oligo) with 50 pl of electrocompetent induced or uninduced cells from Step 14. When modifying a multicopy plasmid introduced by
coelectroporation, also add 1 ul of the multicopy plasmid DNA (~ 20 ng ul~!) at this point. Include the following controls:
* Induced cells without DNA. If colonies are present on this control plate, either the selection is not working properly or the cells have a
high reversion frequency for the property selected.
* Uninduced cells plus DNA. This is a control to estimate the number of background colonies due to some contaminating factor in the DNA,
such as intact plasmid template from a PCR.
A CRITICAL STEP Never leave the DNA-cell mixes on ice for more than ~10 min.
? TROUBLESHOOTING
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17| Transfer the DNA-cell mixes to chilled electroporation cuvettes as quickly as possible and introduce the DNA into the cells

by electroporation (according to settings outlined in Step 15).
A CRITICAL STEP Make sure that the time constant is greater than 5 ms for optimal results. Lower time constants generally indicate

impurities or salts in the cells or the DNA.
? TROUBLESHOOTING

18| Immediately after electroporation, add 1 ml of LB medium to the cuvette. Do this before proceeding to the next electro-
poration. After the electroporations are completed, transfer the electroporation mixes in LB to sterile culture tubes and incubate
with shaking at 32 °C for a minimum of 30 min.

A CRITICAL STEP Failure to allow 30 min outgrowth gives poor cell viability.

Outgrowth following electroporation, identification and confirmation of the recombinant clones 1 d to 2 weeks
19| The outgrowth and screening procedures will vary according to the type of recombineering reaction: use option A to select
recombinant clones by antibiotic resistance or prototrophy, option B to select recombinant clones containing a genomic
fragment subcloned by recombineering, option C to select modified multicopy plasmids and option D to screen ‘hit and fix’
recombinants by colony hybridization.
(A) Outgrowth and selection of recombinant clones by antibiotic resistance selection or prototrophy 2d

(i) Continue outgrowth in 1 ml of LB without any antibiotics for at least 2 h at 30-32 °C to allow for expression of the

antibiotic resistance or metabolic gene to be selected.

(ii) Following the outgrowth, make six 1:10 serial dilutions of the experimental cultures in a buffered medium lacking a carbon
source, such as M9 salts.

(iii) To select recombinants, spread 0.1 ml of the undiluted culture and the 10~ and 10~2 dilutions on plates selective for the
recombinant at 30-32 °C. Also assay total viable cells by plating 0.1 ml of the 104, 10~ and 10~ dilutions on LB;
determining this viable cell count will allow calculation of a recombinant frequency. If the number of viable cells is too
low (less than 107 ml~1), recombinants may not be found. For the control cultures, both the uninduced (32 °C) and the
induced (42 °C) to which no DNA was added, plate 0.1 ml of the undiluted culture on a single selective plate.

A CRITICAL STEP Do not add chloramphenicol for BAC maintenance while outgrowing or selecting the recombinant on plates.

(iv) Incubate plates until colonies appear (generally 22-24 h for rich plates at 32 °C). Generally no or only a few colonies
are obtained on the control plates, indicating that most of the colonies on the experimentally induced plus DNA plates
represent true recombinant clones.

(v) Once potential recombinant clones are identified, confirm the construct by PCR analysis, restriction digestion analysis
and sequencing where necessary. For confirming insertion of a dsDNA, such as a drug cassette, use two pairs of primers,
each pair having one primer outside the targeted flanking region and one primer in the inserted DNA, and amplify the two
junctions. Another PCR, using the two outside flanking primers, should also be performed to confirm the absence of the
gene to be removed, thus ruling out the possibility of a duplication event®4.

© 2009 Nature Publishing Group http://www.nature.com/natureprotocols

? TROUBLESHOOTING
(B) Outgrowth and selection of recombinant colonies containing genomic fragments retrieved onto a plasmid by
subcloning using recombineering: 2d

(i) Following electroporation, add the 1 ml cell mixture to 9 ml of LB medium and grow the culture overnight nonselectively

20 at 32 °C.
‘:3 (ii) The next day, isolate plasmid DNA using a standard miniprep protocol. It is not necessary to visualize this DNA by agarose
gel electrophoresis.
(iii) Introduce the plasmid DNA into a high-efficiency cloning strain by transformation, selecting the drug resistance of the plasmid
or the retrieved selectable marker. Use a low concentration of DNA to minimize uptake of multiple plasmids into the same cell.
(iv) Purify drug-resistant clones.
(v) Grow 5 ml of overnight cultures from ~ 20 isolates with antibiotic selection.
(vi) Isolate plasmid DNA and examine by restriction analysis.
? TROUBLESHOOTING
(C) Modifying multicopy plasmids 3d
(i) Outgrow the electroporated cultures in at least 1 ml of LB with aeration for at least 2 h at 30-32 °C before applying selection.
(ii) After outgrowth, add 9 ml of LB and drug for plasmid selection and grow overnight at 30-32 °C with aeration.
(iii) Isolate plasmid DNA using a standard mini-prep procedure.
(iv) When possible, eliminate parental plasmid by cutting with a restriction enzyme that does not cut the recombinant molecule.
(v) Introduce plasmid DNA by transformation into a recA strain of E. coli (e.g., DH10B) at a low DNA concentration (less than
one plasmid per cell). Generally, the amount of DNA should be around 0.1 ng. See Box 2 for determination of plasmid
DNA transformation efficiency.
(vi) Select or screen for desired phenotype. Possible methods of screening include restriction digestion, identification of
plasmids with altered size as assayed by migration on agarose gels, sequencing and PCR analysis.
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BOX 5 | TESTING COLONY PURITY BY RESTRICTION DIGESTION

For this approach, the region including the modification site is amplified using PCR primers hybridizing outside the region of homology.
The purified PCR product should be digested with a restriction enzyme recognizing the ‘hit" cassette (Fig. 6). Complete digestion of the
PCR product indicates that the recombinant BAC is correct and is a pure culture.

A CRITICAL STEP Some of the recombinant plasmid molecules will have undergone multimer formation. Avoid these.
If monomer recombinants are not apparent, a recombinant multimer can be digested with a restriction enzyme having a
unique site in the monomer plasmid and the resulting monomer DNA can be ligated at a low DNA concentration.

(vii) Confirm the desired change by sequencing where necessary.

? TROUBLESHOOTING
(D) Screening ‘hit and fix’ recombinants with colony hybridization 2 weeks
(i) After 30 min of outgrowth at 32 °C, dilute the cell suspension 10~2 and 10~3 in LB. Spread 200 pl of each diluted
suspension onto a 150 mm x 10 mm (large) agar plate containing appropriate antibiotic for BACs selection. Try to achieve
uniform distribution of colonies throughout the plate. Incubate plates for 18-22 h at 32 °C. Approximately 1-5 x 103
colonies are expected.

(i) Identify recombinant clones by colony hybridization using a y-32P-end labeled (or a nonradioactively labeled) oligonucleo-
tide (35-mer) containing the 20 nt heterologous sequence as described in detail by Ausubel et al.}!

(iii) Using a bacteriological loop, pick bacterial colonies giving a positive signal and suspend them in 1 ml of LB media. Screen
at least 3-5 positive areas for each BAC modification. As the recombinant colonies also contain parental cells and because
many colonies are close or touching each other on the original plate, a second screening step is required.

(iv) Make 1072, 10~3 and 10~ dilutions of a bacterial suspension for each colony picked.

(v) Plate 50 pl of each dilution on a 15 mm x 100 mm agar plate containing the appropriate antibiotic for BAC selection.
Incubate the plates at 32 °C for 18-22 h.

(vi) Select plates with 20-50 clearly isolated colonies and repeat colony hybridization.

(vii) Pick two well-isolated positive colonies from each plate for further analysis. Confirm the purity of the clones by
colony PCR. Set up two PCRs for each clone using primers (20 nt) that will specifically amplify either the recombinant
(‘hit’ clone) or the nonrecombinant DNA (Fig. 6). Test a total of ten individual colonies corresponding to the 3-5 positive
areas on the original plate for each BAC modification.

A CRITICAL STEP Only one of the two reactions should be positive if the colony is pure. Occasionally, some colonies will
amplify PCR products with both sets of primers, implying that at least one modified and one unmodified copy of the BAC
is present. These colonies may be due to BAC multimer formation and should be discarded.

(viii) Once correctly targeted pure ‘hit” colonies have been identified, repeat the preceding Steps 19D (ii-vii) used for the
“fix’ step, beginning with the newly created ‘hit’ strain.
A CRITICAL STEP When using either the mini-A or the pSIM plasmids for recombineering, streak the correct ‘hit’ clones
on the appropriate antibiotic plate to determine whether they have retained the A Red system. If necessary, reintroduce
the Red system before proceeding.

(ix) Confirm the presence of correct mutation after the ‘fix" step by sequencing.

(x) Digest both the original and modified BACs with a few commonly used restriction enzymes (e.g., BamHI, EcoRI, EcoRV, HindIlI,
PstI and so on). Confirm the integrity of the new BAC by comparing restriction digestion pattern with the original BAC. See
Box 5 for testing colony purity by restriction digestion and Box 6 for detection of selectable marker flanked by loxP or FRT sites.
? TROUBLESHOOTING

BOX 6 | DELETION OF SELECTABLE MARKER FLANKED BY loxP OR FRT SITES

1. Grow an isolated colony of the recombinant strain containing the correct insertion of the transgene with its selectable marker flanked by loxP
or FRT sites at 32 °C overnight in 3 ml of LB containing appropriate antibiotics.

2. Dilute 1 ml of the culture into 50 ml of LB containing antibiotics in a 250-ml flask and grow at 32 °C.

3. Once the culture reaches an 0Dggg of 0.3, add 500 pl of 10% filter-sterilized Arabinose to a final concentration of 0.1%. This induces the
flp gene in SW105 or the cre gene in SW106.

4. Grow the culture at 32 °C until it reaches an 0ODgqq of 0.5. Plate 100 pl of 10~2, 103, 10~* dilutions on LB plates containing chloramphenicol
(12.5 pg ml=?1) to maintain the BAC and grow overnight at 32 °C.

5. Screen for clones that have lost the selectable marker by site-specific recombination, these can be identified by antibiotic sensitivity. Streak
approximately 50-100 colonies in duplicate on LB plates and LB containing the drug. Colonies that grow on LB plates but not in the presence of
the drug are the desired clones that have recombined and retain only a single [oxP or FRT site.

6. Confirm the loss of the selectable marker by PCR and sequencing.
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Steps 1-3, design and generation of linear dsDNA substrates for recombineering by PCR: 3-4 h

Steps 4 and 5, introduction of the A Red recombination system: 1-2 d
Steps 6-8, cell growth and induction of the A Red genes: 3 h

Steps 9-14, preparation of electrocompetent cells: 1 h

Steps 15-18, electroporation of the linear DNA: <1 h

Step 19: outgrowth, identification and confirmation of the recombinant clones: 1 d to 2 weeks

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 5.

TABLE 5 | Troubleshooting table.

Step Problem Possible cause(s)

Possible solution(s)

19A No recombinants obtained with  Inadequate outgrowth time
drug selection

No recombinants or transformants Double drug selection issues
with double drug selection

19B No DNA retrieved, only empty Vector is recircularizing by
vector microhomologies
19C Difficulty obtaining pure clones:  Contamination with parental
multicopy plasmids plasmid
No recombinants Poor plasmid transformation
efficiency

Heteroallelic multimer

Multimers with plasmid Inherent nature of recombineering

recombineering

Use of RecA* host
Plasmid was a multimer initially

19A-C  Colonies in uninduced control Incomplete digestion of plasmid
reactions template used for PCR, so intact
plasmid is transformed (Step 3)

Leaky selection

Contamination

19A-D  No recombinants obtained Problem with bacterial strain
(Step 4)

Allow greater than 2 h outgrowth if needed. Increase LB
volume so that more cell doublings occur

Try to use only one drug selection at a time rather
than combining drugs. Do not maintain selection for BAC or
pSIM plasmid when selecting drug-resistant recombinants

Either redesign the primers or place a selectable marker next
to the DNA to be retrieved and retrieve with plasmid or only

Transform DNA prep at low DNA concentration (less than one
molecule per cell), select or screen for recombinant

Determine plasmid transformation efficiency as described in
optional procedure

Either screen other candidates or digest heteroallelic multimer
with a unique cutter and religate at a low DNA concentration

Screen other isolates

Use restriction digestion to convert to monomer, retransform
and screen for recombinant plasmids

Use only a recA mutant host for plasmid modification
Start with a pure monomer plasmid species

Digest plasmid before using as template, digest PCR product
with Dpnl following amplification

Alter selection, e.g., increase drug concentration
Use sterile technique

Test solutions for source of contamination and discard if
necessary

Never place recombineering strains at temperatures above
35 °C except during induction

For strains containing defective prophage and ATet, verify
that strain is temperature sensitive by plating dilutions at 32
and 42 °C

For strains containing mini-A and pSIMs, verify drug resis-
tance

(continued)
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TABLE 5 | Troubleshooting table (continued).

Step Problem Possible cause(s)

Possible solution(s)

Cell loss during washing for

electroporation (Step 12)

Problem with induction procedure

(Step 8)

Problem with linear DNA targeting

construct (Step 3)

Problem with electrocompetent

cells (Steps 15-17)

Drug concentration too high

(see Table 4)

19A-D  Difficulty in obtaining pure
clones: BAC, PAC or E. coli

chromosome

Difficulty in obtaining pure
clones: BAC or PAC

Incomplete colony purification

Possible multimer formation

Do control recombineering reaction (i.e., drug cassette
insertion) to check strain

Titer viable cells as well as plating for recombinants—if
viables are less than 107 ml~?, recombinants may not be
obtained. Be careful not to lose cells during H,0 wash steps

Using shaking H,0 baths for both 32 °C growth and 42 °C
induction, do not use air shaker. Confirm temperatures of H,0
baths. Do not exceed 15 min, 42 °C induction. Be sure to
quick-chill flasks in ice bath after induction. If scaling up
procedure, maintain 1/10 media/flask ratio

Remake PCR product or obtain new oligos

Test cells by transforming supercoiled plasmid

Use correct electroporation conditions. Be sure that the time
constant for electroporation is ~5 ms. Add LB immediately
after electroporation

Be sure to use antibiotic concentrations for single-copy
molecules when appropriate

Restreak for single colonies and retest

Screen more candidates

Troubleshooting guide for Recombineering (also see http://recombineering.ncifcrf.gov/fag.asp).

ANTICIPATED RESULTS

Recombineering is an efficient and relatively straightforward method of in vivo genetic engineering that is rapidly becoming
routine for modification of the bacterial genome, plasmids, PACs and BACs. As recombineering allows DNA to be precisely
inserted, altered or deleted, it is very useful for generation of various genomic constructs for functional studies. Linear DNA,
both PCR products and synthetic oligonucleotides (oligos) can be used as substrates to create null mutations in genes as well as
more subtle genetic changes. Generally, recombinants are obtained at a frequency of 1074-10~> when dsDNA is used to make
insertions. For optimized recombineering with ss-oligos or largely homologous denatured PCR fragments, the frequency of
recombinants is in the range of 0.1-10%. The frequency of cloning by gene retrieval is lower, in the range of 1075-105.
Insertion of reporter genes at the 5’- or 3-ends of genes cloned in BACs can be easily achieved. There are a number of critical
steps in the recombineering procedure; each step should be optimized. Deviations from the protocol may result in suboptimal
results; the overall effect of not optimizing each step can be a reduction in recombination efficiency and even failure to

generate recombinants.
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Abstract

Adeno-associated virus (AAV) transduction initiates a signaling cascade that culminates in a transient DNA damage
response. During this time, host DNA repair proteins convert the linear single-strand AAV genomes to double-strand circular
monomers and concatemers in processes stimulated by the AAV inverted terminal repeats (ITRs). As the orientation of AAV
genome concatemerization appears unbiased, the likelihood of concatemerization in a desired orientation is low (less than 1
in 6). Using a novel recombineering method, Oligo-Assisted AAV Genome Recombination (OAGR), this work demonstrates
the ability to direct concatemerization specifically to a desired orientation in human cells. This was achieved by a single-
strand DNA oligonucleotide (oligo) displaying homology to distinct AAV genomes capable of forming an intermolecular
bridge for recombination. This DNA repair process results in concatemers with genomic junctions corresponding to the
sequence of oligo homology. Furthermore, OAGR was restricted to single-strand, not duplexed, AAV genomes suggestive of
replication-dependent recombination. Consistent with this process, OAGR demonstrated oligo polarity biases in all tested
configurations except when a portion of the oligo targeted the ITR. This approach, in addition to being useful for the
elucidation of intermolecular homologous recombination, may find eventual relevance for AAV mediated large gene

therapy.
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Introduction

Adeno-associated virus (AAV) is a single-strand (ss) DNA
dependovirus of the family, Parvoviridae. The 4.7 kb genome
consists of two genes, 7¢p (replication) and cap (capsid), flanked by 145
nucleotide (nt) inverted terminal repeats [I'TRs, 1]. AAV transduc-
tion results in both polarity genomes within the host nucleus where
they form duplexed DNA, either by annealing or by extension of the
free 3’ end of the ITR [2]. The generation of the duplexed genomes
is perhaps coincident with their circularization, preferably as
monomers but also as concatemers [3—5]. The circularization events
are stimulated by the I'TRs, and the created double-strand episomes
are stable and capable of long-term gene expression.

The past 20 years has demonstrated the modulation and
effective application of AAV for gene therapy in humans. This
approach relies on replacing the viral genes with a therapeutic
cassette such that only the ITRs remain [referred to as
recombinant or rAAVs, 6]. Regarding i vivo DNA delivery for
therapeutic applications, rAAV is perhaps currently the most
desirable method as the virus is considered non-pathogenic, has a
minimal tendency for chromosome integration, results in sustained
gene expression and the capsid can be designed for targeted
transduction [7]. However, a major limitation of rAAV is its small
packaging capacity (=4.7 kb), rendering it deficient for therapies
requiring large promoters and or transgenes. To overcome this
limitation, research has exploited host cellular machinery to

@ PLoS ONE | www.plosone.org

concatemerize distinct genomes delivered by separate capsids,
resulting in a larger DNA molecule. Two slightly different
approaches have been used i vitro and i vivo termed overlapping
vectors, and more successfully, #rans-splicing AAV vectors [referred
to herein as split vectors as splicing technically occurs in cis; 4, 3,
8]. In fact, the later approach has demonstrated therapeutic
relevance in a mouse disease model [9]. However, as AAV split
vector genome concatemerization is unbiased, the efficiency of
functional transgene reconstruction is low. An additional rate-
limiting step is the resultant ITR junction, which impedes
transcription and splicing of the reconstructed transgene up to
50% [10]. Therefore, improvement on the split vector approach
should address the ability to exclusively direct productive
dimerization while eliminating the inhibitory I'TR junction.
Several reports demonstrate that AAV genomes induce a DNA
damage response in the host cell including; I) AAV infection
induces G2/M arrest [11], II) the DNA repair proteins involved in
non-homologous end joining (NHE]J) and homologous recombi-
nation, Ku86 and Rad52 respectively, directly bind AAV genomes
[12], HI) microinjection of ITRs induces ATM checkpoint
activation similar to DNA double-strand breaks [DSBs; 13], IV)
AAV2 DNA triggers a damage response similar to a stalled
replication fork which depends on ATR and Chkl signaling
[14,15], and V) DNA-PKcs and Artemis process the AAV I'TRs
[16]. Collectively, these results provide evidence for the two
canonical DNA  repair pathways, NHE] and homologous

November 2009 | Volume 4 | Issue 11 | e7705



recombination, in the circularization/concatemerization of AAV
genomes.

The efficiency of homologous recombination is stimulated
several orders of magnitude by a DNA DSB within the repair
target [17]. Consistently, DNA inverted repeat sequences are
processed to DSBs [18] and stimulate gene correction with a
homologous substrate, such as a single-strand oligonucleotide
[oligo; 18, 19]. In the context of AAV concatemerization, it is
possible that homologous recombination is also stimulated
following processing of the I'TRs [16]. Therefore, we hypothesized
that the orientation of AAV concatemerization could be directed
using a single-strand oligo complementary to distinct genomes
functioning in I'TR repair.

This report describes a novel recombineering method: Oligo-
Assisted AAV Genome Recombination (OAGR). In this ap-
proach, a DNA oligo with homology to distinct transduced AAV
genomes directs concatemerization via homologous recombina-
tion. Oligos targeting different regions of the transduced genomes
varied in their ability to stimulate intermolecular recombination,
which in some cases approached the efficiency of single vector
transduction. Interestingly, oligo polarity biases for OAGR were
observed similar to other oligo-mediated DNA repair processes in
bacteria, yeast and other human contexts [20-23]. Characteriza-
tion of the recombination junctions suggests a process in which the
oligo homology tethers distinct single-strand genomes and host
enzymes generate a single larger molecule precisely at that
position. OAGR, in addition to being useful for the elucidation of
intermolecular homologous recombination in a human context,
may find eventual relevance for AAV mediated large gene
therapy.

Results

To test the hypothesis that DNA oligos homologous to separate
AAV genomes enhance functional concatemerization we initially
employed ssAAV?2 split gfp vectors (Fig. 14). These consist of two
distinct genomes, each having I'TRs, with the respective features
(termed vectors A and B throughout): A. a CMV promoter
followed by the first 381 nt of gfp coding sequence at which point a
canonical splice donor site was added and B. the human chorionic
gonadotropin (f¢g) intron and the remaining gfp coding sequence
followed by a poly-adenylation sequence (Fig. 14). Transduction
by either vector alone does not result in functional GFP (Fig. 24).
We chose to evaluate this effect in human embryonic kidney cells
(293s) due to the high efficiency of AAV2 transduction and DNA
oligo transfection using PEI. Results from other gene targeting
experiments demonstrated that DNA 80-mers served efficiently for
chromosomal and episomal repair (Fig. S1; data not shown, DNS).
Therefore, we exploited the function of 80-mers for the majority of
experiments. As negative controls, several oligos without split
vector genome homology were evaluated and similar results were
obtained, the value of which is defined as natural concatemeriza-
tion (Fig. 24, no homology; DNS).

The initial oligo tested contained 40 nt of 3’ terminal gfp coding
sequence homology to vector A and 40 nt of 5" gfp coding
sequence homology on vector B (Fig. 1€, GFP). Co-transduction
of the ssSAAV2 split gfp system, at a multiplicity of infection (MOI)
of 200 for each vector, followed by transfection of the forward
orientation (sense =non-template strand = Fwd) of the GFP oligo
resulted in a significant increase (3 to 4 fold) of GIP+ cells
compared to the non-homologous control after 72 h (Fig. 24). The
anti-sense version (Rev) of the same oligo did not alter the amount
of GFP+ cells significantly from the non-homologous control oligo

(Fig. 24).
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Oligo-Assisted Intermolecular AAV Genome

Recombination Depends on Oligo Target Homology

Next, oligos with different AAV genome targets were evaluated; i)
40 nt of homology to unique single-strand intron sequences of each
genome (Fig. 1C, intron A-intron B = 1,,-1;,), i1) an oligo with 40 nt of
homology to the duplexed AAV Rep binding element (RBE) present
in all AAV ITRs and 40 nt of homology to single-strand intron
sequence exclusively on vector B (Fig. 1, hairpin-intron B = H-I},)
and iii) an oligo with the described H homology as an inverted
repeat capable of binding all I'TRs (H-H, Fig. 1C; Table S1). Co-
transduction by the split single-strand gfp vectors followed by the
transfection of the Fwd versions of I,-I;, or H-I}, resulted in an 8-fold
or 10-fold increase in the amount of GFP+ cells, respectively, over
the non-homologous control after 72 hours (Fig. 2). A decrease in
GFP+ cells, below the non-homologous control, was observed after
transfection of the H-H oligo in either orientation (Fig. 24). Similar
to the Gfp Rev oligo result, the I,-I;, Rev oligo did not perform as
well as the Fwd version with only a modest enhancement of GFP+
cells (Fig. 24). Interestingly, this was not the case for the H-I;, Rev
oligo which increased the amount of GFP+ cells to the same extent
as the equivalent Fwd version (10-fold).

It should be noted that the OAGR effect was found
independent of the oligo manufacturer and comparable with
standard desalting and PAGE purification methods (DNS).
Additionally, split gfp AAV2 particles purified from cesium
chloride gradients and different chromatographies were all equally
subject to OAGR (DNS). Furthermore, OAGR effects were
independent of the AAV capsid serotype (Fig. S2).

The effect of the H-I;, oligo on gfp reconstruction after ssAAV2
split gfp co-transduction was compared to the transduction
efficiency of a single AAV2 vector containing the exact genetic
elements of the split system, CMV-gfhg intron-p-polyA, on a
single-strand genome. It was first noted that the H-I;, Fwd or Rev
oligos did not alter the GFP+ transduction profile, or GIFP
abundance, of the single intact particle (Fig. 2C; Fig. S3). Then, the
enhancement of the H-I, Fwd oligo on split gfp vector co-
transduction was compared to the efficiency of the intact gfp single
vector in the presence of the same oligo. Following transduction
(or co-transduction) with an equivalent number of viral genomes,
there was an approximate 2-fold increase in GFP+ cells for the
single intact gfp vector compared to cells treated with single-strand
split gfp vectors and the H-I, as measured by flow cytometry (Fig.
S3). Quantitation of the GIP directly by Western analysis
demonstrates that OAGR increases the efficiency of split vector
gene reconstruction greater than 60-fold (Fig. 2C). This OAGR
effect resulted in 28% of the GFP produced by the single intact
vector while natural concatemerization produced only 0.4%
(Fig. 2C).

The time course of the H-I}, Fwd oligo effect on split gfp vector
co-transduction was compared to a non-homologous control oligo.
In this experiment, the cells were maintained for continuous
replication. An increase in GFP+ cells was noted after 42 h for
cells treated with the H-I;, oligo. Thereafter, the number of GFP+
cells increased with time in a linear fashion to over 20-fold greater
than the control at day 5 (Fig. 34). Southern blot analysis of
mtracellular oligo persistence demonstrated the greatest abun-
dance at 24 h and stability out to day 5 under the PEI transfection
conditions used herein (Fig. S4).

Oligo-Assisted Intermolecular AAV Genome

Recombination is Dependent on MOI
Next, the effect of H-I, Fwd oligo was characterized at
increasing MOIs of the AAV2 split gfp vectors. Three days after
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positions on vectors A and B. The crooked lines represent the splice donor and acceptor sequences and the intron is highlighted in yellow.

doi:10.1371/journal.pone.0007705.g001

co-transduction/transfection, GFP+ cells were quantitated. At an
MOI of 20, the H-I;, oligo increased GFP+ cells over 20-fold
(Fig. 3B). This value was not statistically different from the use of
10-fold more particles and a non-homologous oligo (Fig. 3B).
When a capsid less efficient for 293 cell transduction (AAV8) was
used at an MOV of 20, functional reconstruction was only observed
in the presence of the H-I;, oligo, while no GFP+ cells were noted
for natural concatemerization (Fig. S3). These results highlight the
inefficiency of AAV split vectors as well as emphasize the ability of
OAGR to allow a 10-fold decrease in particle administration while
maintaining the same level of gene reconstruction.

Oligo-Assisted Intermolecular AAV Genome
Recombination is Dependent on Oligo Abundance and
Size

Initially, a high oligo concentration of 80 nM was chosen to
emphasize any stimulatory effect (Fig. 2, Fig. 34, B). We also
transfected decreasing concentrations of the H-I;, Fwd oligo (or a
non-homologous control) and measured GFP+ cells 72 h post-co-
transduction (MOI 200). In this context, the number of GFP+ cells
at increasing concentrations of the non-homologous oligo did not
change and is statistically equivalent to the 0 nM concentration
(Fig. 3C, DNS). A dose-dependent response to the H-I;, Fwd oligo
was apparent with 26 nM being the first tested concentration at
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which an effect was significant (Fig. 3C). No significant difference
in GFP+ cells was noted for concentrations 53 nM and 80 nM
(Fig. 30).

To determine whether smaller oligos could direct recombina-
tion of split vector genomes, DNA 60-mers and 40-mers based on
the H-I;, Fwd oligo sequence, were also investigated. Decreasing
the size of the oligo by 20 nt maintained a 6-fold OAGR effect
while the 40-mer (20 nt arms of homology) was not significantly
different from natural concatemerization (Fig. 3D). This observa-
tion is consistent with results from oligo-mediated DSB repair in
yeast cells [19].

Sequence Confirmation of Oligo-Directed
Concatemerization

If oligo directed concatemerization resulted from homologous
recombination, then repair of distinct AAV genomes would create
a junction corresponding to the sequence of the oligo. To
investigate this, we performed PCR analysis of the functional
concatemer junctions using DNA from co-transduced cells treated
with the H-I,, Fwd oligo or the non-homologous control at
different concentrations. PCR primers were designed and used to
amplify recovered DNA external of any gfp functional junction
(Fig. 44; Materials and Methods). DNA harvested on day 3 from
cells treated with the single-strand split gfp vectors and the H-I,
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doi:10.1371/journal.pone.0007705.9002

F'wd oligo (80 nM) resulted in a unique PCR product correspond-
ing to the predicted size of the concatemer junction if
recombination were to occur at H-I;, homology, (an approximate
400 bp deletion compared to the natural concatemer; Fig. 4). This
product was not observed in cells receiving the non-homologous
oligo and was subsequently cloned and sequenced. Sequencing of
20 clones demonstrated that the OAGR concatemer junction
corresponded to the sequence of the oligo, effectively making a
deletion that includes the I'TR junction.

Oligo-Assisted Self-Complementary AAV Recombination

To determine if OAGR prefers a single-strand or a duplexed
template, a self-complementary (sc) AAV2 split gfp system [5] was
employed in our oligo assay (Fig. 5). In the sc context, a small
deletion on only one of the I'TRs results in transduced genomes
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that likely have a hinge (closed end=C) at one end of the
complementarity and free, or open (O), ends on the other side
(Fig. 54). Thus, AAV genome dimerization resulting in functional
GIP was investigated in all contexts (vector A-vector B; C-C, C-O,
O-C, O-0; Fig. 44). It is important to note that oligos tested on
the single-strand system are also homologous to the scAAV2
genomes and that individual vector transduction does not result in
GFP synthesis [5]. As performed above, 293 cells were co-
transduced by these scAAV split vector combinations at an MOI
of 200 for each vector, followed by transfection of an oligo and
determination of GFP+ cells on day 3. Consistent with a previous
report, concatemerization appeared most efficient with the C-C
scAAV2 split gfp vector orientation and least efficient arranged in
the O-O configuration (Fig. S5, 5). However, in contrast to the H-
I, Fwd OAGR effect on the single-strand vectors (Fig. 24) only a

November 2009 | Volume 4 | Issue 11 | e7705



>

2 /i H-l
1E
0_.%—_—0 NH

time (h)

% GFP+ cells

o8}
A
o
o
o
(=)

-
o
o
o

-
o
o

_
o
L,

% GFP+ cells (X100)

NH H-I NH
MOI: 20 200

@]

18 1 T

% GFP+ cells
=

8
6 4
: [
2 4
o mim N : :
0 53 26 53 80

oligo concentration (nM)

D
12

£ 10

8

S 8

L6

O

R 4
2
0 I

80 60 40

H-I oligo size (nt)
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Concatemerization. A) Human embryonic kidney (HEK) cells were
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a NH control (80 nM). Three days later the number of GFP+ cells was
determined by flow cytometry. C) HEK cells were co-transduced with
the AAV2 split gfp vectors at a MOl of 200 and the indicated
concentrations of H-l, Fwd was used for transfection. GFP+ cells were
determined on day 3. The presented results were not normalized to the
efficiencies of co-infection and oligo transfection. D) Oligo size analysis
for stimulation of OAGR. Cells were co-infected with the split vector
system as above and then either the H-l, Fwd oligo or derivatives of
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determined on day 3 by flow cytomtery. nt =nucleotide.
doi:10.1371/journal.pone.0007705.9g003
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minor to no effect was observed on the different self-complemen-
tary orientations (Fig. 5B). As the effect of the H-I;, Fwd oligo was
more distinguishable at low MOIs, we also investigated the C-C
vector combination under these conditions, however, no effect
greater than 2-fold was observed (DNS). Additionally, no
significant effect was observed with the GFP oligo (Fig. 1C) which
targets a portion of the gfp coding sequence on the distinct
genomes (DNS).

Oligo-Assisted Intramolecular Genome Recombination

GTP synthesis after ssSAAV split gfp co-transduction results from
a functional dimerization of vector A and B genomes. In
comparison, single-strand and self-complementary vectors were
generated, (using the same genetic elements as both the single-
strand and self-complementary split gfp genomes described herein)
that result in GFP synthesis after intramolecular linkage
[circularization dependent; 5]. The genetic organization of these
molecules follows: ITR-A¢g intron-downstream gfp coding se-
quence-polyA-CMV  promoter-upstream gfp coding sequence-
intron-ITR  (Fig. 64). At low MOIs, these vectors depend on
genome circularization (monomerization) for GFP synthesis,
which has been reported by several groups to be preferred, in
comparison to concatemer formation, at least initially [3,5,24].
Consistently, it was also reported that at low MOIs the self-
complementary circularization dependent vectors were similar to
genomes containing an intact transcriptional gfp cassette [5]. To
investigate whether the H-I}, Fwd oligo promotes intramolecular
circularization, 293 cells were transduced with either a single-
strand or self-complementary version of the -circularization
dependent split gfp vector at increasing MOIs. At all vector to
cell ratios tested, transfection of the H-I, Fwd oligo slightly (less
than 2-fold), yet significantly (p<<0.03), increased the number of
GFP+ cells compared to values determined with the control oligo
for the single-strand vector (Fig. 6B). In contrast, no significant
effect of the H-I, oligo was noted for the self-complementary
version (Fig. 6B).

Discussion

In most dividing cells, AAV DNA initiates a signaling cascade
that culminates in a transient G2/M cell cycle arrest. Following
infection, there is pan-nuclear activation of y-H2AX and host
proteins involved in DNA repair process the linear single-strand
viral DNA to double-strand circular monomers and concatemers.
The results described herein exploit this aspect of the AAV life
cycle to demonstrate the first example of directed concatemeriza-
tion, specifically and exclusively, of distinctly transduced AAV
genomes. This intracellular genome engineering technique relies
on the ability of an oligo to tether DNA molecules and induce
recombination at the site of homology. A dependence on a single-
strand DNA substrate is suggestive of replication-dependent
recombination and consistent with the observed oligo polarity
biases in bacteria [25] and yeast [22]. In addition to serving as a
unique example of facilitated recombination, the successful
translation of OAGR to i vivo settings may allow efficient large
gene delivery by distinct rAAV split vectors.

Using ssAAV split gfp vector co-infection followed by the
transfection of oligos having complementarity to both split
genomes, dramatic effects on GFP abundance/function were
observed. These effects exhibited a broad range of variation
dependent upon the region of the AAV genome targeted by the
oligo (Fig. 2). The choice of the most efficient oligo target
homology is not completely understood. However, analysis of
additional oligos were not consistent with the obvious theories that
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decreasing the distance from the I'TR (Fig. S6) or increasing the
oligo-target annealing temperature result in an increased OAGR
effect (Fig. S7). Surprisingly, the most effective oligo, H-I,
contains a 5" 40 nt region capable of annealing to all ITRs and
the 3’ 40 nt provide direction specificity by targeting an unique
intron region found on vector B. If the 5" region is shifted
upstream of “H”” homology to target a unique region of vector A,
while maintaining the exact vector B homology (“I,”) there is
slight reduction in the OAGR effect (Fig. 24). Perhaps the
observed decrease represents a separate additional effect specific to
targeting the I'TR (i.e. an effect on second-strand synthesis).
Alternatively, the tetrad repeat of the ITRs (GACT) may represent
a recombination hot-spot sequence as it is the origin of replication
and involved in host chromosome integration as well [6].

A polarity bias for OAGR was noted for the GFP and L,-1,, oligo
sequences but not for the H- I, oligo that proved most effective
(Fig. 24). Since the vector B homology was constant between L,;-I;,
and H-I,, this difference is attributed to the 5" portion of the oligo.
At this position, the I, homology targets a single-strand region
unique to the vector A intron while the “H” sequence targets a
region common to all I'TRs. Since the H target is paired, it is
capable of binding both genome polarities while the vector A “I,”
homology would be restricted to its complement. Common to all
oligos that demonstrated a polarity bias is the fact they target a
region that undergoes second-strand synthesis, whereas the oligo
that functions equally in both polarities (H-I;,) targets the duplexed
region which is not synthesized in the generation of no end AAV
genomes. This brings to mind an explanation for the polarity bias
initially derived from single-strand oligo chromosome repair in
Escherichia coli [20]. In that case, it was observed that the oligo
strand bias correlated with direction of replication through the
recombination site [20]. This result suggested that lagging strand
synthesis would allow greater access to its template strand and
consistently, oligos complementary to that strand out performed
the opposite orientations. In the case of the AAV bi-polarity single-
strand genomes, both oligo polarities have equal opportunity for
genome binding and continuous replication is initiated from the
free 3" end and therefore, imposes no obvious bias. As the OAGR
event is postulated similar to replication-dependent recombina-
tion, an alternative model in which the I'TRs are biased for their
ability to initiate second-strand synthesis is proposed. In fact,
polarity biases for AAV replication and genome packaging have
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been suggested previously [26,27]. If replication-dependent
recombination is responsible for the bias observed in this work,
it argues that the oligo acts before second-strand synthesis which is
supported by no significant OAGR effect on scAAV, or for an
ITR containing split gfp plasmid system (Fig. 5, Fig. S5 and DNS).

In contrast to the results using the single-strand split gfp vectors,
the scAAV genomes, and double-strand plasmids (DNS), were not
responsive to homologous oligos, nor was there an effect for the
intramolecular recombination of the scAAV circularization
dependent vector (Fig. 6). This OAGR requirement for ssAAV
genomes likely reflects the ability of the oligo to access its target.
For example, the self-complementary molecule is essentially a 2 kb
hairpin precluding oligo annealing. Another theory for the lack of
the OAGR effect on the scAAV genomes is that OAGR is coupled
to second-strand synthesis. As replication forks are “inherently
recombinogenic” one can envision the annealed oligo blocking
second-strand synthesis in a manner that would stimulate
recombination of tethered, yet distinct, genomes [25]. Interesting-
ly, only a minor OAGR effect of the H- I, oligo was observed for
the single-strand circularization dependent vectors which, at
higher MOIs, could also undergo dimerization to generate GI'P.
This result supports that intramolecular genome linkage is very
efficient, as has been reported [5,24]. In this scenario, mono-
merization readily occurs and the modest increase observed with
the homologous oligo is perhaps a result of intermolecular
dimerization by OAGR, which is evident when monomer
formation does not result in reporter activity (split vectors;
Fig. 24). This result supports a role for oligo tethering of distinct
DNA molecules as opposed to a stimulation of intramolecular ITR
processing or a simple model in which the oligo opens the I'TRs.
The absence of any oligo effect with the scAAV circularization
dependent vector is consistent to the results obtained with the
scAAV split gfp co-infection, and could be explained in the same
manner (see above). Given that the activity of the single-strand and
self-complementary circularization dependent vectors are some-
what similar without a homologous oligo (Fig. 6), the explanation
for genome tethering by the oligo is further supported, especially
when the 145 nt I'TRs are likely the major local attraction. This
also suggests that processing of single-strand and self-complemen-
tary genomes for concatemerization are similar. Additionally, we
speculate that natural ITR-mediated circularization/concatemer-
ization is primarily reliant on NHE] which is more efficient than
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OAGR’s reliance on homologous recombination, especially for an
intramolecular linkage event.

The collective results support the “annealing-integration”
model as the mechanism of OAGR (Fig. 7), similar to the “rounds
of strand annealing” mechanism of DSB repair driven by single-
strand DNA oligos in yeast cells [18] and in line with the model
proposed for single-strand oligo recombineering in E. coli [20].
Following the capsid release of AAV genomes, oligos with
homology to each single-strand vector genome anneal to their
target, displacing the remaining terminal ends of the genome. This
annealing event promotes the desired genome dimer orientation
and exploits host replication machinery and DNA repair enzymes
for intermolecular recombination with the resultant junction
sequence corresponding to the sequence of the oligo. Evidence
from additional modified oligos suggests that the annealed oligo
physically incorporates into the newly formed dimer molecule, as
demonstrated in both prokaryotes and human cell lines, acting as a
split with or without oligo-primed synthesis [28,29]. However, the
exact mechanism is still under investigation.

@ PLoS ONE | www.plosone.org

Materials and Methods

Maintenance of cells

Human embryonic kidney (HEK) 293 cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal bovine serum and 1X Penn/Strep
(DMEM+, Sigma). Cells were grown at 37°C in a 5% COy
humidified incubator.

rAAV vector construction, production and purification
The self-complementary (sc) split gfp vectors and the sc gfp
circularization dependent (cd) vectors have been previously
reported [5]. The construction of the single-strand (ss) AAV-cd
and ss split gene vectors was the same as the scAAV-cd and sc split-
gene vectors, with the exceptions that different pieces of stuffer
fragments were used, and that the expression cassettes were cloned
into the pSSV9 [6] vector to generate conventional ssSAAV vectors.
Lambda Phage Dra I 3332 bp fragment was used as a stuffer for the
upstream (vector A; Fig. 14) ss split vector ssAAV-Gf using Dra 1-5'-
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2 5'CTA CGC GTC ATC GCC AAT AAAAGT GGC G as a
forward primer and Dra I-3' 5" GCA CGC GTA AAA GGC AGG
TGG GC as areverse primer. Lambda Msc I 3605 bp fragment was
the stuffer for the downstream (vector B; Fig. 14) ss split vector
ssAAV-Gfp using Msc I-5" 5'CTA CGC GTC CAV GCA GCT
TGC AG as a forward primer and Msc I-3" 5'GTA CGC GTC
CAG CAT GAT ACG TCC CG as a reverse primer. The lambda
Mlu 1 956 bp fragment described above was used as a stuffer for
ssAAV-gfp for an intact gfp cassette clone [3].

rAAV was generated using the triple transfection method with
AAV serotype 2 capsid and purified by discontinuous iodixanol
gradient separation and heparin chromatography [5,30,31].
Additional viral preparations, including rAAVS8, were purified
on a CsCl gradient, followed by peak fraction collection and
dialysis against phosphate-buffered saline (PBS)[31]. The number
of genome containing particles was determined by Southern dot
blot hybridization while rAAV2 infectious units (MOI) were
determined by infectious center assays in C12 cells [32].

rAAV transduction

50,000 293 cells were seeded in a 24 well plate 24 h prior to
transduction. The next day, the total medium volume was adjusted
to 700 ul and virus particles were diluted in 50 ul of DMEM+
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prior to well addition. A MOI of 200 I.U. of each split vector was
used for transduction, unless otherwise noted. At the indicated
time point (usually 72 h), cells were harvested by gentle aspiration
and re-suspended in PBS for flow cytometric analysis. In the
experiments described herein, the co-transduction efficiency was
not explicitly determined, thus the experimental results were not
corrected for co-transduction and likely under represent the actual
values. All experiments were performed in triplicate on at least 3
different days and the results are presented as averages.

Oligo transfection

The sequence of the oligos used in these studies listed in Table
S1. The indicated concentration of oligo (80 nM if not indicated)
was transfected 10 min post co-transduction using linear poly-
ethylenimine (PEI) transfection reagent prepared in house. In
these experiments, the oligo was diluted in DMEM without
supplements, vortexed in the presence of PEI, and the mixture was
added to the well 10 min later where it remained unless otherwise
noted. Under these conditions, transfection of an equivalent
amount of GFP expressing plasmid results in 70% GFP+ cells.
However, the % GFP+ values presented in this work are not
corrected for the efficiency of oligo transfection and thus, under
represent the actual efficiency of the approach.
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"4.? kb r IE Il
/ e .r'/
i/

ss DNAoligo

i

1. Oligo Annealing / Genome Tethering

AAV Recombineering

2. Synthesis and Flap processing

_____________ }

ITR primed synthesis

3. Functional dimer with ITR deletion

7
Iim_-
1

9 kb
“—l

Figure 7. A Model for Oligo-Assisted AAV Genome Recombination. Following the capsid release of the 4.7 kb AAV genomes, presumably in
the nucleus, oligos with homology to each vector anneal to their single-strand (ss) target, displacing the remaining terminal ends of the genome. This
annealing event promotes the desired genome dimer orientation and viral genome replication using the inverted terminal repeats for initiation.
Extension of the 3’ oligo end is also a possibility. Exploitation of host repair enzymes for intermolecular recombination follows resulting in a double
strand product with the vector junction sequence corresponding to that of the oligo. In the case of the H-l,, oligo this recombination event results in
an approximate 400 bp deletion of the ITR junction. The recombined dimer is near double the length of the independent genomes. Although it was
not conclusively demonstrated, this model favors physical incorporation of the transfected oligo into the oligo-directed concatemer (described in
discussion). Also depicted are perhaps the naturally favored products initially following transduction, circular monomers, which do not produce GFP.

doi:10.1371/journal.pone.0007705.9007

Analysis of GFP+ cells

GFP+ cells were visualized by fluorescent microscopy and
quantitated by flow cytometry. A minimum of 10,000 similar
sized/shaped single cells were counted, for each replicate, at the
indicated times at an event per second rate of 1500-2000. The
GFP+ gate was designed such that untreated cells did not give a
single GFP+ event beyond a million counted cells. It was also
positioned away from false, or transitioning, GFP+ cells to obtain
no false positives. Visualization of pooled GIFP+ cells after FACs
sorting confirmed the GFP+ phenotype (DNS).

Concatemer junction sequence verification

GIP cells were pooled by FACs analysis and total DNA was
recovered using a DNA-EZ kit (Qiagen). PCR reaction conditions
were performed by standard procedures using pfu turbo polymerase
(stratagene). The sequence of primers used to initially amplify a
functional gfp concatemer follow (5’ to 3" orientation): i) early gfp
sequence on the upstreamsplit genome, CGGCGAGGGC
GAGGGCGATG CCACC and ii) late gfp coding sequence (cds)
on the downstream split genome, GACCGCCGCC GGGAT-
CACTC TCGGC. Nested primers amplified the gel isolated
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product for cloning and subsequent sequencing: EcoRI-fwd
CGCGAATTCGCTTCAGCCGC TACCCCGACC ACATG,
Xba-rev gega tctaga AGGTAGTGGTT GTCGGGCAGC AGC.
In validation of this primer set, capsid purified A and B vector
genomes (at different concentrations) served as templates in a PCR
reaction where different amounts of the H-Ij, oligo were spiked in the
reaction (DNS). In these instances, a product corresponding to the
oligo-directed concatemer junction could not be generated (DNS).

Supporting Information

Table S1 Table of oligonucleotide sequences used in this study
Found at: do1:10.1371/journal.pone.0007705.s001 (0.03 MB
DOC)

Figure S1 Repair Oligonucleotide Size Influences Gene Cor-
rection. The chromosomal homologous recombination GFP
reporter system of M. Porteus (Porteus et al. Mol Cell Biol. 2003
May; 23 (10):3558-65) was used to evaluate gene correction by
different sized homologous oligonucleotides in the presence and
absence of a Sce-induced double-strand break (DSB). In this
system the stop codons in all reading frames and the Sce binding

November 2009 | Volume 4 | Issue 11 | e7705



site 1s inserted into the gfp coding sequence. This defective
reporter does not produce GIP until the insertion is releived. The
numbers refer to the size of the oligonucleotides used for repair
having equal sized gfp homologous arms to each side of the
disrupting insertion. GFP+ cells indicates chromosomal reporter
repair and fluorescence was determined 48 h post-transfection
(oligonucleotide with or without a Sce expression plasmid) by flow
cytometry. NH = non-homologous control oligonucleotide.

Found at: doi:10.1371/journal.pone.0007705.s002 (0.97 MB EPS)

Figure 82 Oligo-Assisted Genome Recombination using AAV
serotype 8 capsids. Human embryonic kidney cells were co-
infected with the split gfp vectors (A and B; Fig. 1) packaged in
serotype capsid 8 at a multiplicity of infection of 50,000 for each,
vectors A and B. Then, the H-I DNA oligonucleotide (80 nM)
displaying 40 nucleotides of sequence homology to vector A and B
genomes was used for transfection (see Fig. 1, non-homolo-
gous = NH). Three days post-treatment, GFP+ cells were quanti-
tated by flow cytometry. An 80-mer without vector A and B
homology was used as the negative control (NH).

Found at: doi:10.1371/journal.pone.0007705.s003 (1.45 MB EPS)

Figure 83 Comparison of Oligo-Assisted Genome Recombina-
tion on Intact and Split AAV vectors. Human embryonic kidney
cells were infected with either a single vector having a split gfp
gene system (see text) or the identical split gfp gene system encoded
on separate vectors (A and B; Fig. 1) at a multiplicity of infection of
200. Then, the H-I DNA oligonucleotide (80 nM) displaying 40
nucleotides of different sequence homology to vector A and B
genomes, or non-contiguous homology to the single intact gfp
vector (see text), was used for transfection (see Fig. 1, non-
homologous = NH). Three days post-treatment, GFP+ cells were
quantitated by flow cytometry. An 80-mer without vector A and B
homology was used as the negative control (NH).

Found at: doi:10.1371/journal.pone.0007705.s004 (0.95 MB EPS)

Figure 84 Oligonucleotide persistence in 293 cells. The NH or
H-I oligonucleotides (described in text) were transfected to 293
cells using PEL. At the indicated timepoints total DNA was
recovered and separated on an alkaline gel. Then, the DNA was
transferred to a membrane and probed with the H-I oligonucle-
otide labeled with P-32. The positive control is 10 ng of the H-I
oligonucleotide loaded on the gel directly.

Found at: doi:10.1371/journal.pone.0007705.s005 (2.34 MB EPS)

Figure 85 Oligo-Assisted AAV Recombination of Self-Comple-
mentary AAV Split Vectors. Gene reconstruction from distinct
transduced self-complementary AAV genomes was monitored in
the presence of an oligonucleotide (H:Ib) having homology to both
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