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Abstract

In 1973, Cohen and coworkers published a foundational paper describing the cloning of DNA
fragments into plasmid vectors. In it, they used DNA segments made by digestion with restriction
enzymes and joined these in vitro with DNA ligase. These methods established working
recombinant DNA technology and enabled the immediate start of the biotechnology industry.
Since then, “classical” recombinant DNA technology using restriction enzymes and DNA ligase
has matured. At the same time, researchers have developed numerous ways to generate large,
complex, multisegment DNA constructions that offer advantages over classical techniques. Here,
we provide an overview of “post-Cohen-Boyer” techniques used for cloning single segments into
vectors (T/A, Topo cloning, Gateway and Recombineering) and for multisegment DNA assembly
(Biobricks, Golden Gate, Gibson, Yeast homologous recombination in vivo, and Ligase Cycling
Reaction). We compare and contrast these methods and also discuss issues that researchers should
consider before choosing a particular multisegment DNA assembly method.
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A) Introduction

Both the first edition of Maniatis et al., Molecular Cloning and Current Protocols in
Molecular Biology (CPMB) are consequences of the development of recombinant DNA
methods in the 1970s. In 1975, a reasonable list of those methods would have included
digestion of DNA with type |1 restriction endonucleases, purification of at least one DNA
fragment after size separation by gel electrophoresis, cloning a copy of the fragment via
joining its ends to the ends of a restriction cut plasmid or phage vector /n vitro using DNA
ligase, transformation of competent Escherichia coli cells with the ligation mix, selection of
bacteria that contained plasmids by plating on selective medium, and screening cells in
individual bacterial colonies for those that contained the cloned fragment on a self-
replicating plasmid. In fact, that is precisely the set of steps in the pioneering paper by
Stanley Cohen, Annie Chang, Herbert Boyer, and Robert Helling in 1973 (Cohen et al.,
1973) and in the Cohen-Boyer patents (Hughes, 2001). In the vocabulary of the time, a self-
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replicating plasmid that carried such a fragment was a “chimera.” The double-stranded
starting fragment carried on the plasmid that transformed the founding cell in the bacterial
colony had been “molecularly cloned”.

The original paper by Cohen et a/. described the molecular cloning of single DNA fragments
by ligation /n vitro. Overhanging or sticky 5" ends on the DNA fragment (generated by
digestion with EcoR1) annealed to complementary 5’ ends on the EcoR1-cut plasmid vector,
and £. coli DNA ligase joined the gaps. In the following years this work was extended. £.
coli DNA ligase was used to join multiple sticky-ended fragments to a sticky ended cut
plasmid, allowing generation of plasmids that carried multiple inserted fragments from a
single ligation reaction. Use of other type Il restriction enzymes allowed generation of
fragments with different 5" overhangs, 3’ overhangs, and flush ends that could similarly be
joined by ligase. Generation of DNA fragments by digestion with multiple enzymes allowed
generation of DNA fragments with different ends whose ligation into multisegment stretches
could be designed by the investigator. Plasmids that carried desired combinations of DNA
fragments could be used as sources of larger DNA fragments for subsequent constructions.
By that means, complex stretches of DNA could be assembled from different fragments
iteratively, by serial cycles of plasmid construction and isolation. Increasingly, instead of
speaking of their plasmids as “clones”, investigators referred to them as “constructs”.

These methods are now more than 40 years old. It’s a testimony to their power that many
investigators still make DNA constructions by following the same steps. In fact, classical
and improved methods to carry out each of these steps still make up much of the contents of
CPMB. Among these, we single out improved means of purifying DNA from gels, which in
turn greatly simplified the task of isolating ligatable DNA restriction fragments (unit 2.5A).
We will also mention the development of PCR, which provided an alternative route to
generating ligatable DNA segments (Unit 15.1 and Unit 3.17). Finally, we should mention
the fact that commercially available high transformation efficiency competent £. coli cells
have come into wide use (unit 1.8).

Commencing in the 1970s and 1980s, researchers also developed a number of powerful
methods for generating recombinant DNA constructions that do not use the same steps as
“classical” recombinant methods. Some of these “post-Cohen-Boyer” methods simplify the
cloning of individual pieces of DNA, others simplify “assembly” of complex DNA
constructs from multiple DNA segments. Many of these are described in individual
protocols already included in CPMB. Here, we review key post-Cohen-Boyer methods and
give pointers to protocols in CPMB as appropriate.

B) Means to generate single-segment-into-vector constructions

Single segment into vector cloning using prepared vectors

The original Cohen-Boyer methods inserted a single segment into a vector using DNA
ligase. During the 1990s, investigators devised, and vendors began to sell, alternative /n vitro
means to insert single DNA segments into vectors (Figure 1). These include commercially
available plasmid preparations whose free DNA ends carry an added 5" dideoxythymidine
added by terminal deoxynucleotydltransferase (TdT), facilitating their ligation /n vitroto the
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3’ adenines that Thermos aquaticus (Taq) polymerase leaves on PCR products (Holton and
Graham, 1991). They also include commercially available cut plasmids with vaccinia virus
DNA topoisomerase | immobilized on the ends, permitting the ligase-independent cloning of
Taq polymerase PCR products with 3’As, and of blunt-ended PCR products generated by
proofreading polymerases (Shuman, 1994).

Single segment recombinational cloning using the Gateway system

While the aforementioned methods simplify the first step, the cloning of single DNA
segments into plasmids, downstream steps requiring subcloning of the DNA fragments into
expression vectors still requires the use of restriction enzymes and DNA ligases. To
circumvent this need, methods now generically called “recombinational cloning” were
developed and commercialized (Unit 3.20).

The Gateway system, a collection of plasmids and enzymes sold commercially by
Invitrogen, is the prototype of such recombinational systems. While it can be used to clone a
single segment into a vector (Figure 2A), its main use is to facilitate single-segment cloning
of Open Reading Frames (ORFs) and then to simplify their subcloning into different types of
expression vectors (Figure 2B).

The Gateway system uses the enzymes and DNA sites derived from the site-specific
recombination system carried by bacteriophage A. The phage \ system causes the integration
of the phage genome into the E. coli chromosomal DNA during lysogeny and its excision
from the genome after phage induction (Echols and Guaneros, 1983). During phage
integration, the phage-encoded Int protein and bacterial encoded Integration Host Factor
(IHF) bind to attachment sites on the circular phage genome (attP) and the E. coli
chromosome (attB) and catalyze strand exchange between a 15bp core region common to
the aftPand attB sites (Landy, 1989). Because the sequences that flank the affPand attB
cores are different, this process results in a genome-integrated prophage with, at its ends,
80-150bp hybrid sites called affL and attR. During phage excision, a second phage protein,
Xis, acts with Int and IHF at these hybrid sites to excise the circular phage DNA.

The Gateway system reproduces this enzymology but with mutated affPand attB sequences.
In Gateway, an at#tB1 site can only recombine with an a#tP1 site, and an aftBZ2 site can only
recombine with an aftP2 site. The same is true for the sites these recombination events
generate, that is, an affL 1 site can only recombine with an a#fR7 and an atfL 2 site can only
recombine with an aftRZ site. By flanking cloned DNA segments with unique attsites, a
researcher can easily subclone these segments into any compatible expression vector.

Figure 2A shows how the initial cloning works. The DNA fragment of interest is flanked
with affB1 and attB2 sequences. Int and IHF proteins (supplied by the “BP Clonase mix’)
are added /n vitroto recombine the fragments into a Gateway compatible plasmid that
contains aftPI/attP2 sequences. The resulting plasmid has the DNA segment of interest
flanked by affL 7 and attL 2. In the Gateway lexicon, this plasmid is called an “entry clone”.

The entry clone can be used in subsequent recombination reactions to create different
expression vectors (Figure 2B). To do this, the entry clone is mixed with a “destination
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vector,” which carries aftR1 and attR2 sites, and IHF, Int and Xis proteins (LR Clonase mix),
which catalyzes the exchange of the cloned segment from the entry clone onto the
destination vector. A good example of a destination vector is a plasmid that contains a
promoter and a terminator sequence with attR1 and attRZ2 sites between them. Like in all
Gateway assemblies, the final plasmid in this example will contain new aftsites flanking the
recombined segment, here, new affB1 and attB2 sites flanking the ORF. In the jargon that
has emerged for DNA assembly, the aftB1 and attB2 sequences between segments are called
“scars.”

Researchers can purchase Gateway-compatible expression vectors or generate them in-house
by adding compatible aftsites to their own constructions (see Unit 3.20, figure 3.20.6). The
Gateway system can then be used to subclone ORFs into different plasmids in parallel, for
example to evaluate different protein expression constructs, or to generate families of
constructs with the same promoter fused to different reporter genes. Single segment cloning
using recombineering. Recombineering (unit 1.16) exploits the fact that appropriately
engineered E. coli can carry out homologous recombination by double-strand break repair.
In wild type £. coli, the RecBCD exonuclease degrades linear DNA. Strains used for
recombineering circumvent the action of the exonuclease, allowing homologous
recombination between overlapping, complementary single stranded DNA ends.

There are two different versions of recombineering, both based on bacteriophage-encoded
recombination proteins. One, the Red system, uses the product of three bacteriophage A
genes: gam, which inhibits RecBCD, exo, a 5’ to 3’ exonuclease that chews back double
stranded (ds) DNA to generate free 3’ ends, and beta, which binds to the new single stranded
(ss) ends and promotes recombination. The other, the RecET system, uses two proteins
encoded by a cryptic prophage, Rac, resident in the £. coli K-12 genome. The phage
encoded RecE is a 5’ to 3’ exonuclease analogous to Exo, and RecT is a recombinogenic
single stranded (ss) DNA binding protein analogous to Beta. These apparently act on double
stranded (ds) DNA ends before RecBCD can degrade them, and convert the ds DNA into
RecT coated, recombinogenic ss 3’ ends.

Current recombineering methods are not efficient enough for multisegment assemblies but
do allow single segments to be cloned into a vector. For this, the RecET system (Fu et al.,
2012) is the most efficient (Unit 1.16.19). Figure 3 shows the steps. Plasmid DNA and the
insert segment are amplified as PCR products with 35-50bp of overlapping homologous
sequence at each end. The segments are then transformed into an £. coli strain in which the
recombinogenic proteins are expressed. This example uses SIMD63 cells, which harbor a
defective A prophage in which transcription of recEand recTis induced. After
transformation, RecE chews back the 5" ends of the insert DNA and the vector allowing
RecT to promote annealing of the complementary ss 3’ ends. Recombinant plasmids are
recovered from the recombineering strain and transformed into a standard £. coli strain for
propagation (sometimes called plasmid rescue).

Curr Protoc Mol Biol. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sands and Brent Page 5

C) Means to assemble complex, multisegment constructions

Current methods have greatly facilitated construction of complex molecules from multiple
DNA segments. These methods either greatly simplify the serial addition of DNA segments
into longer constructions, or allow the investigator to make desired constructions from
multiple segments in a single reaction. In current usage, such complex multisegment
constructs are often called “assemblies” and the process of making them is called “DNA
assembly”.

Researchers normally plan the construction of DNA assemblies in two steps. Step one is the
design and acquisition of starting single or double stranded DNA segments, and step two is
the assembly itself.

Step 1, acquisition of starting segments

Double stranded sequences can come from standard PCR amplifications from plasmids or
genomic DNA (Unit 15.1), from overlap extension PCR to generate chimeric segments
(Holton and Graham, 1991; unit 3.17) and even from annealing and joining numerous single
stranded oligonucleotides (Unit 3.23 and 3.24). They can also come from restriction
fragments if those fragments can fulfill the assembly criteria. Finally, starting ds segments
can come from commercially synthesized DNA. The most useful synthetic DNAs for
assembly projects are short ds fragments or blocks between 100 and 1500bp that can be used
as templates for PCR amplification.

In most cases, one of the segments will be a plasmid vector into which the other segments
will be cloned. For most DNA assemblies, the vector will be linearized, either by restriction
enzyme digestion or by PCR amplification.

Step 2, construction of multisegment assemblies

Here, we present and compare five key classes of methods now in common use. For each,
we describe the important features and give a detailed example of at least one common
method. Although there are few empirical studies that compare assembly methods, we give
such data where it is exists. In these comparisons, we define DNA assembly efficiency as the
number of bacterial clones from the final assembly transformation over background (usually,
empty vector) and DNA assembly accuracy as the percentage of those clones that have the
correct, sequence-confirmed assembly. The five classes are:

1. Assembly /n vitro using the A phage recombination system to carry out exact
recombination between defined sites.

We use the Gateway system as an example of this class.

2. Assembly /in vitro using restriction enzymes and DNA ligases, also known as
“brick” or “parts” methods.

We use the Biobricks and Golden Gate methods as examples of this class.
3. Assembly /in vitro of overlapping DNA fragments.

We use Gibson Assembly as an example of this class.
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4. Assembly /n vivo of overlapping DNA fragments by homologous recombination in
yeast.

We use a construction by homologous recombination in S. cerevisiae as an example
of this class.

5. Assembly /in vitro using a thermostable ligase and bridge oligos.

We use implementations of the Ligase Cycling Reaction (LCR) as an example of
this class.

1. Use of Gateway to generate multisegment assemblies—As explained in the
previous section, Gateway uses phage proteins to promote recombination between att sites.
Researchers can use the Gateway system to assemble two, three or four different DNA
inserts on a single plasmid vector in a series of steps. An example of such a construction
might be the assembly of a promoter, a gene, and a transcription terminator (called a
“transcription unit” or “expression cassette”) into a compatible expression vector. The
process for such serial constructions is similar to that described in the previous section for
single segments, with the major differences being that each step requires the use of
additional sequence-variant attsites as well as a second round of recombination reactions to
generate the final multisegment construction.

Figure 4 shows an example three-insert assembly using the Gateway system. In round 1, the
investigator generates entry clones from aft-sequence-flanked PCR products. In this
example, segment A is flanked by attB4 and attB1r, segment B by attB1 and attB2 and
segment C by aftB2rand attB3. The investigator then mixes each PCR product with a
“DONR?” plasmid carrying corresponding affP-variant sequences along with Int and IHF (BP
Clonase) to generate affL and attR entry clones. Once the entry clones are established, they,
or a library of them, can be stored and used in subsequent LR recombination reactions to
generate expression clones. In round 2, all three entry clones are mixed with a destination
vector plus Int, IHF and Xis (LR Clonase), resulting in a final construction which contains
all three DNA inserts separated by new aztB scar sequences (Figure 5D).

2. Assembly in vitro from parts or bricks using restriction enzymes and
ligases—During the 1990s and 2000s, engineers interested in development of “synthetic
biology” devised schemes that used specific combinations of restriction enzymes in
conjunction with DNA ligases, sometimes within the same reaction mix, to assemble DNA
fragments in a desired order. One of the drivers for this development was a desire among
engineers to bring engineering principles to construction of DNA molecules. One tenet of
engineering embraced by these groups was to articulate standards for building blocks and to
suggest as common practice that constructions be made from such collections of
standardized parts (Canton et al., 2008; Endy, 2005). Tom Knight articulated one such
approach, called “Biobricks”, in 2003 (Knight, 2003). This and other brick methods are most
useful when all of the parts are preassembled into compatible starting or entry plasmids.

The Biobricks approach, and many subsequent approaches based on DNA “bricks” or
“parts,” uses restriction enzymes that are “isocaudomers,” (from Greek roots meaning “same
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tails™): restriction enzymes that generate complementary overhangs but which have different
recognition sequences. When isocaudomer ends are ligated, the starting restriction enzyme
recognition sequences are destroyed. An example isocaudomer pair, and the one described in
the first Biobrick standard, is Xbal (T*CTAGA) and Spel (A*CTAGT) which both leave
CTAG tails after digestion.

Figure 6 illustrates how Biobricks can be used to assemble two different DNA segments
carried on separate starting plasmids into a destination plasmid. Part A, the upstream
segment, is generated by cutting one starting plasmid with EcoR1 and Spel. Part B, the
downstream segment, is generated by cutting another starting plasmid with Xbal and Pst1.
The destination plasmid (Dest) is digested with EcoR1 and Pst1. The digestion reactions are
then mixed with T4 DNA ligase and then transformed into competent £. coli. If fragments A
and B and the destination vector are gel purified before ligation, then only one product will
be formed, a correctly assembled plasmid with parts A and B, separated by an 8nucleotide
scar sequence, ligated between the EcoR1 and Pst1 sites of the destination vector. Because
the same original restriction sites are flanking the new fused part AB, the new segment can
be used in subsequent Biobrick assemblies.

To save time, an investigator can mix unpurified digestion reactions with T4 ligase and then
use the resulting mix of ligated DNAs to transform competent £. coli. By making sure that
all starting plasmids have different bacterial selection markers, and plating the final
assembly-transformed bacteria onto the selective media that corresponds to the destination
vector marker, only a properly assembled plasmid will be recovered. This approach is now
known as three antibiotic or “3A” assembly (Shetty et al., 2011).

As mentioned above, fragments joined at Spel/Xbal sticky ends are separated by 8 nt scars
(Figure 5A). Their sequence means that protein coding sequences on joined segments will
be out of frame. In order to address this limitation, numerous additional Biobrick standards
have been proposed. One standard, proposed by Anderson et al. (BBF_RFC21, known as
“Bglbricks™) addresses the coding sequence issue by changing the isocaudomers Spel and
Xbal to Bglll and BamH1 (Anderson et al., 2010). As shown in Figure 5B, ligation of Bgll|
and BamHI ends leaves a GGATCT scar between parts A and B. This leaves the fragments
in-frame, with the amino acids in the resulting protein separated by Gly and Ser, amino acids
frequently used in flexible linkers for protein engineering.

A second brick-based method called Golden Gate also addresses some of the limitations of
the other Biobrick standards (Engler et al., 2008). It also requires the use of restriction
enzymes to generate complementary or sticky ends. However, it utilizes type IIs restriction
enzymes which cut at sites outside their recognition sequences. Examples of frequently used
type Ils enzymes are Bsal (GGTCTCN”NNNN) and Bpil (GAAGACNN"NNNN).

The advantage of using type Ils enzymes is that the same enzyme can be used to generate
hundreds of investigator-designed unique overhangs (in the case of Bsal, 256 unique 4bp
overhangs). With careful attention to design of the overhangs, DNA assembly can be quasi-
seamless, that is, ligation can take place without scar sequences between ligated segments
but the restriction enzyme sites will remain flanking the full insert (Figure 5C).
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Figure 7 shows a quasi-seamless assembly of 2 PCR segments into a vector by Golden Gate.
Segments are generated by PCR using primers that add specific sequences at 5" and 3’ ends
including Bsal recognition sequences. Part A has at its 5’ end a Bsal recognition site
followed by any nucleotide (N) and the complement of the 4bp 3’ overhang of the vector
(1234), and at its 3’ end, any nucleotide (N) followed by an inverted Bsal site. The last 4
nucleotides of part A are indicated (NNNN). Part B has at its 5" end a Bsal recognition site
followed by any nucleotide (N) and the complement of the 4bp 3’ overhang of segment 1
(NNNN), and at its 3’ end, the complement of the 4bp 3’ overhang of the vector (black 5678)
followed by any nucleotide (N) and an inverted Bsal recognition site. The destination vector
contains inverted Bsal recognition sequences separated by any number of nucleotides to be
removed after Bsal digestion. After Bsal digestion, the 4bp sticky ends anneal and are
ligated by T4 DNA ligase. The final construction contains parts A and B seamlessly ligated
together between the predetermined nucleotides of the vector and flanked by inverted Bsal
recognition sites.

3. Assembly in vitro by annealing of complementary single stranded ends—In
1990, Aslanidis and De Jong demonstrated it was possible to insert PCR products into a
plasmid vector without using restriction enzymes or DNA ligase (Aslanidis and de Jong,
1990). The key to what the authors called “ligation independent cloning” or LIC was to
generate complementary ss ends in a PCR product and in a plasmid vector by treatment with
T4 DNA polymerase and allow the complementary ends to anneal before transformation into
E. coli. In the absence of dNTPs, T4 DNA polymerase has a 3’ to 5’ exonuclease activity. In
the presence of a single dNTP (for example, dGTP) the enzyme will chew back the 3’ end
until it reaches the first G residue.

In their original paper, the authors generated both the insert and plasmid vector segments by
PCR, using primers whose 5" ends lacked Cs. Next, they digested each segment with T4
polymerase in the presence of a single dNTP, the insert with dGTP and the vector with
dCTP, resulting in 12 bp complementary 5’ tails which could anneal. They introduced the
annealing mix into competent £. coli, where the nicked circular molecule was repaired and
replicated.

Since 1990, many similar methods have been developed. All generate complementary ss
ends and all anneal the tails. They differ in the means by which they generate ss overhangs
and in the extent to which they repair the circular molecule before transformation into £.
coli. For example, Li and Elledge demonstrated a method, sequence and ligation
independent cloning (SLIC), that generates overhangs with T4 DNA polymerase but without
the control of the digestion provided by the addition of the single dNTP to the reaction mix
(Li and Elledge, 2007). Instead, a short T4 polymerase digestion of the 20 to 40 bp of
overlapping sequence between DNA segments generates sufficient free 5’ tails for annealing
to occur. The investigators showed SLIC could be used to assemble five-segment
constructions (4 inserts of 4kbp total insert size into a vector) with high efficiency and 100%
accuracy. However, for ten-segment assemblies (nine inserts of 4.8kbp total insert size into a
vector), the accuracy dropped to ~20% (Li and Elledge, 2007). This is consistent with (Hill
and Eaton-Rye, 2014) where the practical limit of SLIC has been described as a six-segment
assembly.
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The most commonly used method of this type is Gibson assembly (unit 3.11). Gibson
assembly was used to construct 144kbp fragments of the Mycoplasma genitalium genome
(Gibson et al., 2008), which were in turn assembled in yeast into larger constructions that
contained the entire bacterial genome. This method gained some prominence from the press
coverage it received because prior to its publication, the largest DNA ever assembled was
32kbp (Kodumal et al., 2004). The current, optimized method consisting of a single
isothermal reaction step has been used to generate synthetic DNAs of 500kbp and to clone
300kpb constructions in £. coli (Gibson, 2009).

Figure 8 shows the steps of isothermal Gibson assembly. In this example, insert segments
are PCR amplified such that there is 15-40bp of overlapping homologous sequence at each
end. Segment A has at its 5’ end sequence homology to the linearized vector, and at its 3’
end, sequence homology to segment B. Segment B has at its 5’ end sequence homology to
segment A, and at its 3’ end, sequence homology to the vector.

Assembly of those overlapping DNA segments proceeds in four steps. First, bacteriophage
T5 5’-> 3’ exonuclease generates free 3’ ends. Second, complementary DNA sequences at
the ends of the free 3’ overhangs anneal, leaving gaps between annealed fragments. Third, a
proofreading DNA polymerase binds the 3’ ends of the annealed stretches and initiates
polymerization. Polymerization proceeds until the polymerase reaches the end of the single-
stranded stretch. Finally, Tag DNA ligase seals the nicks and the resulting circular, sealed
plasmids are transformed into competent £. coli. Commercial kits containing mixtures of
these enzymes and needed cofactors (ANTPs for the polymerases, NADPH for £. co/i DNA
ligase) can carry out the entire procedure in 15 mins at 50°.

Gibson assembly differs from other members of this class of assembly methods in three
ways, all of which increase its utility. First, instead of using T4 DNA polymerase to generate
5’ ss tails, it uses T5 exonuclease to generate 3’ ss tails. By chewing back the 5’ ends instead
of the 3’ ends, T5 exonuclease does not compete with the action of the DNA polymerase
which is used in the next step of assembly.

Second, it uses a highly processive, proofreading DNA polymerase (e.g., Phusion) to fill in
the gaps between annealed fragments, leaving only single stranded nicks. This decreases the
chance for errors compared to other methods, including SLIC, which use Taq polymerase for
the extension step

Third, and most importantly, it uses Taq Ligase to seal the nicks /n vitro before
transformation into £. coli. The end product of isothermal Gibson is a covalently closed
circular DNA. This is likely the reason that Gibson assembly end products can transform £.
colf at high efficiency compared to other methods and why the transformation of very large
DNAs (such as BACs) is possible. Moreover, because Gibson assembly generates nick-free
molecules, its products can be used directly as templates for PCR, allowing a multisegment
assembly to be amplified without the intermediate steps of £. co/i transformation and
plasmid isolation.
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4. Assembly of overlapping DNA segments in vivo using homologous
recombination in yeast—~For large (eg >~30-100kbp and complex, eg > ~6 segment)
assemblies, yeast homologous recombination (HR) has become the assembly method of
choice (Unit 3.22). The double-strand break repair mechanism that Saccharomyces
cerevisiae uses to perform homologous recombination was described in the early 1980s
(Orr-Weaver et al., 1981). Researchers have used it, recombining linear fragments with cut
plasmid vectors, to carry out single-segment-into-vector constructions since 1987 (Ma et al.,
1987). Some years ago, Gibson et al. described the construction of a 583kbp synthetic
genome from 25 overlapping > 10kbp fragments by homologous recombination in yeast
(Gibson, 2008). In 2014, Annaluru et a/. used two rounds of yeast homologous
recombination to assemble 750 kbp PCR products (made from overlapping oligonucleotides)
into a re-engineered, wholly functional 273kbp version of yeast Chromosome 111 (Annaluru
etal., 2014).

Figure 9 illustrates assembly via yeast homologous recombination of two overlapping ds
inserts and a plasmid vector. Segments to be joined, designed to overlap by 20-40bp, are
transformed into competent yeast cells along with a linearized “shuttle” vector. A yeast
shuttle vector contains sequences needed for replication and selection in both £. coliand S.
cerevisiae. 48 hours after transformation, yeast plasmid DNA is recovered and used directly
(e.g., as a template for PCR) or “rescued” into £. colito allow large-scale preparations of
plasmid DNA. Presumably, constructs as large as a S. cerevisiae chromosome (ch IV is
1.5Mbp) or larger could be constructed by homologous recombination, so long as all of the
transformed fragments can get into the nucleus and the assembled molecule can stably
replicate. However, for the general DNA assembly projects that most biology labs will
undertake, one can assume near 100% accuracy of assemblies under 30kbp and good
assembly efficiency of larger constructions (e.g., 5-10 fragments and a total size up
t0100kbp, see unit 3.22 for more details).

5. Assembly of multiple adjacent DNA sequences using the Ligase Cycling
Reaction—The Ligase Cycling Reaction (LCR) was initially developed as a non PCR-
based diagnostic means to detect the major sickle cell anemia allelic form of the human
beta-globin gene (Barany, 1991). It was subsequently used to detect other human single
nucleotide polymorphisms and to distinguish between closely related bacteria and viruses
reviewed in (Wiedmann et al., 1994). Later, Pachuk et a/. used LCR to join 6 blunt end
restriction fragments into a functional plasmid (Pachuk et al., 2000). Recently, de Kok et al.
used it to assemble up to 12 DNA segments into a ~20kbp plasmid (de Kok et al., 2014).

Unlike the methods described above, LCR uses bridge oligonucleotides to join non-
sequence-overlapping segments. Bridge oligos bring together the 3’ end of an upstream
segment with the 5 end of its neighboring segment, so that the two neighboring segments
can be ligated. Figure 10 shows the steps of a LCR reaction in which two DNA segments are
assembled into a single linear fragment. The assembly mix contains the ds DNA fragments
to be assembled along with the bridge oligos and a thermostable ligase (e.g., Ampligase).
Each bridge oligo contains sequence complementing the ends of the DNA segments to be
joined. The reaction mix is heated to denature ds DNA, then cooled to allow bridge oligos to
anneal and bring the ss ends together. DNA ligase then seals the nick between neighboring
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fragments. Over multiple temperature cycles of denaturing and annealing, newly assembled
multimers act as bridges to bring together even more single stranded DNA segments. If the
goal is to clone the segments onto a plasmid, additional bridge oligos that overlap the vector
and insert ends can be added to the reaction mix along with the linearized vector.

de Kok et al. have tested many LCR parameters in order to develop an optimized assembly
method (de Kok et al., 2014). They found that the parameters that had the most effect on
assembly were use of short denaturation times (10 sec), addition of DMSO and betaine in
order to facilitate strand separation, use of low DNA concentrations (3nM each segment),
and use of high bridge oligo conentrations (30nM) with the T, of each half of the bridge
oligo of 70°. They used this optimized protocol to assemble 20kbp plasmids from 12 starting
segments (plus a vector) with 80-100% of resulting constructions properly assembled.

Conclusion

DNA construction methods have come a long way since 1973. It has never been easier to
construct desired DNA molecules.

The ubiquity of PCR, the availability of high fidelity polymerases, and availability of
commercially synthesized DNA, have made it very simple for investigators to obtain the
starting DNA segments for their constructions.

And certainly constant development has ensured that there are now numerous good means to
assemble single-segment-into-vector constructions.

By contrast, the perfect multisegment assembly method: scarless, sequence-independent,
adaptable to robotic workflows, and perfectly accurate, does not now exist. As a
consequence, an investigator must weigh the strengths and weaknesses of different methods
and choose the approach that best aligns with the project goals and the lab’s expertise.

Although there are no defined rules to dictate the choice of assembly method, there are some
considerations we believe helpful to keep in mind. We show these in table 1 and discuss
them in more detail here.

Time to completion

All multisegment assembly methods take between 3 and 5 days to complete, measured from
the generation of starting segments by PCR or other means and ending with a purified,
assembled plasmid ready for sequencing. However, this does not take into consideration the
time needed to generate the premade parts or entry plasmids or to remove restriction enzyme
recognition sequences from segments. For Gateway or brick methods, generating such
constructions essentially doubles the time to completion, but, because the parts are reusable,
this extra time can speed future construction efforts.

For yeast based methods, the fact that S. cerevisiae doubles more slowly than £. coli and the
need to rescue the yeast-assembled plasmid into £. coli for plasmid preparation are the
reasons that yeast HR assembly takes two more days to complete than the other methods.
However, at day 3, a small amount of plasmid can be purified from yeast and used as a
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template for PCR. Moreover, yeast clones can be grown overnight in liquid culture for larger
plasmid DNA preparations on day 4. However, if the project requires large amounts of
plasmid DNA, rescue of the plasmid into £. coliis recommended.

Yeast HR assembly relies on shuttle vectors, plasmids that have replication origins and
selectable markers that function in S. cerevisiae and in E. coli (Sikorski and Hieter, 1989 and
Unit 13.4.1). Since it is unlikely that a preferred expression vector will be a yeast shuttle
vector, the investigator needs to add these elements to their preferred plasmid backbone,
either before assembly or as additional elements in a single multisegment assembly.

Despite each method having different components and steps per reaction, hands-on bench
time between the methods is very similar.

Planning time

An investigator experienced in PCR and Cohen-Boyer construction should have little
problem learning to use any of these methods. Where a problem might arise is in the
planning stages, as all multisegment assembly methods are more complex than Cohen-Boyer
cloning. Sequence design software is invaluable here, especially when one wants to plan
multiplexed assemblies and/or generate very large constructions.

Scarlessness

The ability to seamlessly join multiple DNA segments is important for many constructions
(e.g., protein engineering). For that reason, Gibson, yeast HR and LCR are better choices
than Gateway and most brick methods for these constructions (see Figure 5). Of the brick
methods, Golden Gate is the most useful for protein engineering because the DNA segments
can be joined seamlessly within an open reading frame.

Restriction site dependence

As multisegment assemblies get larger, the probability that a particular restriction enzyme
site exists within a DNA segment increases. For brick methods, reliance on restriction
enzymes means that for some constructions, there will be a need to mutate recognition sites
within assembly segments. This can be done after the segment is cloned or during the PCR
step. In both cases, the need to mutate the restriction site increases the workload to final
assembly. And of course there are instances (for example, promoter or other regulatory
sequences) when it might be unacceptable to mutate the site. For these reasons, we find that
for single multisegment constructions over 30kpb, brick methods require too much editing to
be feasible. That said, we realize that this constraint might eventually be overcome by
engineering novel type lIs restriction endonucleases with longer recognition sequences,
resulting in far fewer recognition sites within long DNA assemblies. In fact, brick methods
that utilize homing endoucleases have been reported (Liu et al., 2014) and we note that a
chimeric protein that binds to the 18bp recognition sequence of the homing endonuclease I-
Scel but leaves Fokl overhangs has been developed (Lippow et al., 2009).
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Constructions over 30kbp

When the goal is to generate very large constructions from many segments in a single
assembly, yeast HR is the most widely used method (see for example Annaluru et al., 2014).
Despite the remarkable success Gibson ef a/. demonstrated in generating very large
constructions, including cloned DNAs over 300kpb, we, as well as others, have not been
able to reproduce those results. In one of the only side-by-side comparisons, Gibson
assembly significantly underperformed in multisegment assembles compared to yeast HR
and LCR (de Kok et al., 2014). Consistent with this, NEB, the supplier of commercial
Gibson assembly Kits states in its product information sheet that “frequencies of recovery of
correct assemblies into plasmid vectors drop 5-10 fold when more than 2 fragments are
assembled.” Generally speaking, for large, complex (more than 5 segments) constructions
over 30kbp, one can expect a decrease in the overall number of colonies from an assembly
reaction (efficiency) as well as a decrease in the number of colonies that harbor a correctly
assembled plasmid (accuracy). Thus, for large-plasmid assemblies, one should expect to
spend more time and effort screening for correctly assembled plasmids.

Construction efficiency, ease and versatility

While the paper from de Kok ef a/. did not compare constructions over 30kbp, they did show
that in 12-segment assembles up to 17kbp in length, LCR and yeast HR show nearly
identical assembly efficiency and accuracy rates (de Kok et al., 2014). The ability to use
LCR instead of yeast HR for large and complex constructions offers two particular
advantages. First, LCR assembly is faster than yeast HR, taking 3 days to complete instead
of 5. Second, because LCR uses bridge oligos to bring together DNA segments, the
segments themselves can be blunt-ended “bricks,” which can be reused and, more
importantly, assembled in a different order in future constructions simply by changing the
bridge oligos. LCR then maximizes the future usefulness of generated segments which can
be stored as fragment libraries.

Because in yeast HR the DNA segments have overlapping homologous sequences, assembly
of existing segments in a different order is not possible. Use of standardized linkers between
segments can overcome this deficiency (Serber et al., 2012), but of course, constructions
generated in this fashion are no longer seamless (the linkers become scars between
segments).

Yeast HR does have one significant advantage over other methods, including LCR, which is
the ability to make changes to the DNA of existing plasmid assemblies without having to re-
assemble the entire construction. This can be done as long as a unique restriction site exists
within the segment to be changed. It is accomplished by opening the existing construction at
a unique restriction site within the element to be changed and repairing that site with a linear
segment bearing the desired change plus 25-35nt of flanking sequence homology. The
ability to make such changes quickly can be useful, for example, when an investigator wants
to replace the sequence encoding one protein moiety for another (e.g., one fluorescent
reporter tag for another). Moreover, because the majority of the existing construction
remains unchanged, the time and costs associated with sequencing of the final construction
are minimal.
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Brick or parts assembly methods are most useful when an investigator has access to a large
library of defined DNAs. This advantage is most obvious in projects requiring gene shuffling
(Engler et al., 2009) or metabolic pathway engineering (Werner et al., 2012), where the same
parts are being repeatedly used or mixed. In such cases, brick methods can be very useful
and the time necessary to generate the parts and remove restriction sites is worth the extra
effort.

When comparing costs between assembly strategies, one should consider both up-front costs
such as purchasing compatible vectors and the time to generate entry plasmids, as well as
the consumable supply costs associated with DNA assembly (which may change depending
on scale). Of the methods mentioned here, Gateway has the largest up front cost, as well as
high consumable reagent costs due to the need for proprietary enzyme mixes. At small scale
(just a few assemblies), bricks, Gibson, LCR and yeast HR have similar per reaction
consumable supply costs though the monies are spent on different classes of supplies;
enzymes, oligobucleotides or a combination of the two. Yeast HR requires longer, more
expensive oligos than those required in conventional cloning because of the added 25-35nts
of flanking sequence on the end of each oligo. LCR requires both PCR and bridge oligos.
Moreover, for the ligase to join neighboring segments, the 5 ends of the strands need to be
phorphorylated. If the segments to be joined are PCR products, those can be made using
custom primers that contain 5" phosphates, significantly increasing the cost of primer
synthesis but keeping hands-on time to a minimum. Alternatively, investigators can
phosphorylate PCR primers with T4 polynucleotide kinase (PNK), decreasing the cost of
phosphorylation, but adding more hands-on time.

For Gibson and brick methods, the main supply costs are enzyme mixes, though, longer
oligos also contribute to the cost of Gibson assembly. The cost of sequencing the final
construction should also be considered. For methods where each segment is a new PCR
product (e.g., Yeast HR and LCR), the entire final assembly might need to be sequenced,
whereas with brick and Gateway assemblies, one might only need to sequence the segment
junctions in the final construction.

Future outlook

The use of synthetic DNA in plasmid constructions continues to increase. As we stated
above, the most useful synthetic DNAs for assembly are short blocks that can be used as
template for PCR. Depending on the synthesis company, these can cost between $85.00 and
$350.00 and can be delivered in about one week. For larger synthetic DNAs cloned into
plasmids, the price is higher and the time to delivery is longer. For example, a 5000bp
synthetic gene could cost over $3000.00 and take as long as a month to synthesize. Thus, it
is currently more cost effective and more efficient to assemble larger stretches of DNA from
smaller synthetic blocks. As the cost of DNA synthesis continues to drop, we imagine that
the use of de novo synthesized segments will continue to increase, reducing the time and
effort needed to assemble large constructions and increasing accuracy of the assemblies
themselves.
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We also imagine that future DNA assembly will soon be directed by software that
systematizes design and controls the operation of automated platforms that generate the
starting segments, assemble them, purify the final products and then confirm them by DNA
sequencing. Until then, investigators have numerous good options for generating large DNA
constructions at the bench. These “post-Cohen-Boyer” methods allow the construction of
large, complex, multisegment DNA assemblies that were considered impossible just a short
time ago.
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Figure 1. Meansto clone single segmentsinto a plasmid in vitro
A. TA cloning. A PCR product is generated with Taq polymerase, which adds a non-

template-derived 3’ deoxyadenosine to DNA ends. TA cloning vectors are supplied by the
manufacturer and have a 3’ deoxythymidine added to their ends by TdT. Annealing of the
TA overhangs allows for efficient ligation by T4 DNA ligase. The resulting plasmid carries
the PCR segment flanked by the additional A/T residues. Note that blunt-ended PCR
products generated by proofreading enzymes can also be cloned by this method after a brief
incubation with Tag polymerase

B. Topoisomerase cloning. Vaccinia virus DNA Topoisomerase | can cleave and rejoin ds
DNA. Topo cloning vectors are supplied by the manufacturer with Topoisomerase |
covalently linked to the linearized vector, allowing ligase free cloning of PCR products.
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Figure 2. Single segment cloning using Gateway
A. Single segment Gateway cloning. An a#tB-flanked, blunt-ended PCR product is

recombined with an aftP containing plasmid. The acceptor plasmid expresses the positive
selection marker ccdB, a bacterial toxin that targets DNA gyrase (Bernard et al., 1994), so
that only plasmids that have replaced this gene with the insert can replicate without killing
their host. After a successful recombination facilitated by int and IHF (BP Clonase), the
ccdB gene is replaced by the insert segment. The final plasmid carries the insert flanked by
attL sites and is known as an Entry clone.

B. The insert from an Entry clone can be subcloned into multiple Destination vectors. In this
example, the insert from the same Entry clone is subcloned into two distinct Destination
vectors via an LR clonase reaction. Again, the ccdB positive selection marker is used. This
flexibility allows a researcher to easily create many unique expression vectors from the same
Entry clone.
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l Transform SIMDG63 E. coli

Figure 3. Single segment cloning into plasmids by recombineering
Recombineering is a method that is based on homologous recombination of DNA within an

E. colicell. In this example, the starting segments (black box) are a linearized vector and a
single PCR product, both generated by PCR with primers that contain 35-50bp of
homologous sequence at each end. The starting segments are transformed into a
recombineering £. colistrain such as SIMD63, in which the RecE and RecT recombination
proteins were induced. recE, a 5’ to 3’ exonuclease chews back the 5’ ends of the plasmid
and insert allowing the ss 3’ ends to be bound by recT. RecT, a single strand annealing
protein, facilitates the annealing of the homologous ss 3’ ends. After recombination, the
newly formed plasmid is purified (rescued) from the recombineering strain and transformed
into a standard £. coli cloning strain for propagation.
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Figure 4. Multiple segment assembly using Gateway
Multisegment Gateway cloning works by the same means as single segment Gateway (see

Figure 2) except that it requires additional sets of aftsites of slightly different sequence. The
att sites flanking each segment determine the order of the segments in the final recombined
vector. In round 1, Entry clones are generated by flanking PCR products with unique attB
sites and recombining them with vectors containing unique attP sites. The resulting entry
clones can then be used to generate multisegment inserts. In round 2, Entry clones
containing the different DNA segments flanked by a##L and attR sites are recombined with
an aftR containing destination vector. The destination vector (Dest) also contains the ccadB
positive selection marker (Bernard et al., 1994). After a successful LR recombination, the
ccadB cassette is replaced by the full insert, which contains all three segments separated by
attB scar sites (Figure 5D).
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Figure5. Scar sequences left by different multisegment assembly methods
A) Biobricks assembly leaves an 8 nucleotide scar sequence between insert fragments. This

scar codes for a tyrosine residue and a stop codon, limiting the utility of a Biobricks
assembly for protein engineering. B) The BglBricks standard alleviates this constraint by
replacing the isocaudomer pairs of Spel and Xbal with Bglll and BamH1. The 6 nucleotide
scar sequence between inserts codes for Gly and Ser and keeps both inserts in-frame. C)
“Quasiscarless” assembly of three segments by Golden Gate. All segments are seamlessly
joined but the original Bsal recognition sequences flank the new multisegment insert. D) In
Multisite Gateway assembly, the resulting expression clone has each insert flanked by att
site scar sequences. E) Gibson assembly, yeast HR and LCR are all scarless assembly
methods; all segments are joined seamlessly and there are no new sequences flanking the
inserts.
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Figure 6. Multiple segment assembly using Biobricks
Each segment or “part” for a Biobrick assembly is stored on a separate plasmid with each

one flanked by restriction enzyme recognition sites EcoRI (E), Xbal (X), Spel (S) and Pstl
(P). The destination vector contains the same restriction enzyme recognition sites as well as
any additional elements desired for the construction (in this case, a transcription terminator,
square T). Part A, the upstream segment, is digested with EcoR1 and Spel while Part B, the
downstream segment, is digested with Xbal and Pstl. The destination vector (Dest) is
digested with EcoRI and Pstl. Insert segments and the vector are ligated by T4 ligase in a
three-way ligation reaction. The resulting plasmid contains both segments in the
predetermined order and separated by a scar sequence (Figure 5A). Because Spel and Xbal
are isocaudomers, the sites for both of these are destroyed when the two insert segments are
ligated, whereas the sites flanking the full insert are regenerated. The new Part AB insert can
then be used in future Biobrick constructions.
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Figure 7. Multiple segment assembly using Golden Gate
Golden Gate starting segments can be carried on separate plasmids or generated by PCR. In

this example, PCR generated inserts contain flanking sequences that allow for quasi-
seamless cloning of two inserts into a vector. The upstream insert has, at its 5’ end, a Bsal
recognition sequence (GGTCTCN) followed by 4 nucleotides homologous to the vector
(1234), and at its 3’ end, the last 4 nucleotides of the upstream insert (shown as NNNN)
followed by an inverted Bsal recognition site (NGAGACC). The downstream insert has, at
its 5’ end, a Bsal recognition sequence (GGTCTCN) followed by 4 nucleotides homologous
to the upstream insert (NNNN), and at its 3’ end, the last 4 nucleotides of the vector (5678)
followed by an inverted Bsal recognition site (NGAGACC). The vector is linearized by
digestion with Bsal. After the insert segments and vector are digested, the unique 4
nucleotide overhangs anneal and are ligated by T4 ligase. The resulting plasmid has both
inserts ligated without scars and flanked by Bsal recognition sites. This new assembly can
be used in future constructions by the same means.
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Figure 8. Multiple segment assembly using Gibson assembly
Gibson assembly allows the seamless cloning of multiple segments into a plasmid vector. In

this example, two PCR generated inserts are assembled into a linearized plasmid. Each insert
segment is amplified with primers that contain sequence homology to the plasmid ends (dark
ends) and to each other (light ends). The starting segments (black box) are mixed with T5
exonuclease, Phusion DNA polymerase and Taq ligase and incubated at 50 degrees for
15min to 1 hour. T5 exo chews back the 5" ends of each segment, exposing ss 3’ homologous
ends. After the 3’ ends anneal, Phusion polymerase fills in the gaps between annealed
segments. In the final step, Taq ligase seals the nicks. The resulting plasmid has both inserts
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(Segment AB) seamlessly joined and it can be used directly as a template in PCR reactions
or transformed into £ colifor propagation.
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Figure 9. Multiple segment assembly in vivo by yeast homologous recombination
In this example, the highly efficient HR system of the yeast Saccharomyces cerevisiage is

used to assemble two insert segments into a linearized plasmid vector. The “shuttle vector”
contains all the necessary elements for selection and propagation in both S. cerevisiae and E.
coli. As for Gibson assembly, each starting insert segment is generated by PCR with primers
that contain 35bp of sequence overlap, here, homology with the vector (dark ends) and with
one another (light ends). The starting segments are transformed into competent S. cerevisiae
and plated on selective medium. After 48 hours, the assembled plasmid is purified from
yeast and transformed into competent £. coli for propagation. The new insert segment AB
consists of both starting segments seamlessly joined together.
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Figure 10. Multiple segment assembly using the Ligase Cycling Reaction (LCR)
LCR is a method that utilizes bridge oligonucleotides to align adjoining segments so that a

thermostable ligase can join the segments together. In this example, the upstream segment
(ds Part A) and downstream segment (ds Part B) are mixed with a bridge oligonucleotide
and thermostable ligase and then temperature cycled. During the first cycle, the ds insert
segments are denatured so that the bridge oligo can anneal to complementary nucleotides at
the 3’ end of part A and the 5’ end of part B. A thermostable ligase then joins the termini of
the two segments, creating a new ss DNA with both segments seamlessly ligated together (ss
Part AB). In the subsequent cycles, the bridge oligo continues to bring new ss parts together.
In addition, the newly formed ss part AB will also act as a “bridge” by annealing to both ss
Part A and ss Part B. The ligase will then seal the nicks to generate a new ss Part AB as well
as a new ds Part AB. ss Part AB and both strands of ds Part AB will act as “bridges” in
subsequent rounds of thermocycling.
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