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Abstract Transformation-associated recombination (TAR)
cloning represents a unique tool for isolation and manipula-
tion of large DNA molecules. The technique exploits a high
level of homologous recombination in the yeast
Sacharomyces cerevisiae. So far, TAR cloning is the only
method available to selectively recover chromosomal seg-
ments up to 300 kb in length from complex and simple ge-
nomes. In addition, TAR cloning allows the assembly and
cloning of entire microbe genomes up to several Mb as well
as engineering of large metabolic pathways. In this review, we
summarize applications of TAR cloning for functional/
structural genomics and synthetic biology.

Keywords Transformation-associated recombination - TAR
cloning - Human artificial chromosome - HAC - Synthetic
biology

Introduction

Transformation-associated recombination (TAR) cloning is
based on the well-known property of free DNA ends as efficient
substrates for homologous recombination in yeast (Orr-Weaver
etal. 1981). Assembly of two DNA molecules by recombination
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in yeast was first demonstrated by Botstein and colleagues
(Kunes et al. 1985; Ma et al. 1987). This team reported that a
yeast vector DNA, which is broken in a sequence absent in the
yeast genome, is efficiently rescued by recombination with a
homologous restriction fragment included during yeast transfor-
mation (Kunes et al. 1985). A couple of years later, the authors
suggested using this in vivo bimolecular reaction as a novel
method for plasmid construction as an alternative to the more
common method of in vitro DNA ligation (Ma et al. 1987). The
breakthrough step was the demonstration that at specific condi-
tions, transformation-associated recombination in yeast can be
utilized for selective isolation of large genomic regions from total
mammalian genomic DNA as linear or circular yeast artificial
chromosomes (YACs) (Larionov et al. 1996, 1997; Kouprina
et al. 1998; Kouprina and Larionov 2003). While the principles
of this technology were developed in the late 1990s, the main
parameters of TAR cloning have been modified during the past
few years, which has allowed for highly efficient and reproduc-
ible gene targeting. Under such optimized conditions, any desir-
able chromosomal fragment up to 300 kb can be isolated in yeast
from multiple samples within 2 weeks with a yield of
gene/genomic fragment-positive clones as high as 32 %
(Kouprina and Larionov 2006, 2008; Lee et al. 2015). For com-
parison, the frequency of gene-positive clones in genomic
Bacterial Artificial Chromosome (BAC) libraries that are gener-
ated by DNA ligation is less than 0.003 % (Asakawa et al. 1997).
The selectivity of gene isolation by TAR cloning from complex
genomes was achieved by use of highly competent yeast sphe-
roplasts and exclusion of a yeast origin of replication (4RS ele-
ment) from a TAR vector. Propagation of TAR-generated YACs
in yeast cells absolutely depends on acquisition of mammalian
DNA fragments with ARS-like sequences that can function as an
origin of replication in yeast. Because these sequences are com-
mon in mammalian DNA, with approximately one ARS-like
sequence per 20-30 kb (Stinchcomb et al. 1980), most
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mammalian genes can be isolated by TAR cloning. For chromo-
somal regions with multiple repetitive elements (such as the cen-
tromere and telomere) for GC-rich regions that are poor in ARS-
like sequences, and for very simple genomes, the ARS frequency
might be reduced, which precludes their isolation by the standard
method. For such cases, a modified TAR method has been de-
veloped (Noskov et al. 2003a). In this system, the TAR vector
contains an ARS and a counter-selectable marker. Negative ge-
netic selection eliminates the background caused by vector
recircularization that results from end-joining during yeast trans-
formation. It is worth noting that cloning of large GC-rich bac-
terial DNA fragments may sometimes be challenging even in the
presence of an ARS-containing vector, and in this case, only
fragments of approximately 100 kb can be recovered (Noskov
et al. 2012). A general scheme of TAR cloning of a single copy
gene from total genomic DNA is presented in Fig. 1.

TAR cloning has found many applications in the
postgenomic era (Fig. 2). For example, it serves as a tool for
selective isolation of a specific chromosomal segment or gene
from an individual. It can also be used to isolate rearranged
chromosomal regions, such as translocations and inversions,
from patients and model organisms. Here, we provide an over-
view of the recent applications of TAR cloning for structural
and functional genomics as well as for synthetic biology. We
also discuss the role of TAR cloning in construction of gene
delivery vectors based on human artificial chromosomes
(HACs), along with the benefits of coupling TAR gene clon-
ing technology with the HAC gene delivery and expression
system.

Applications of TAR cloning

Selective isolation of full-size single copy genes and gene
clusters from total genomes

More and more publications have appeared describing com-
plex mechanisms regulating gene or gene cluster expression
by means of alternative splicing, alternative promoter-
enhancer usage, and expression of non-coding RNAs from
intronic regions. Therefore, full-size genes containing all of
the necessary regulatory regions become preferable for gene
functional studies because only in such configurations can
“physiological” expression be achieved. The efficient homol-
ogous recombination machinery of the budding yeast host
allows for the selective isolation of any full-length gene or
gene cluster from entire complex genomes through recombi-
nation between a TAR cloning vector, containing targeting
sequences homologous to a region/gene of interest and homol-
ogous sequences in the cotransformed genomic DNA (Fig. 1).
This results in rescue of the desired chromosomal fragment or
gene in a circular or linear form that is able to propagate,
segregate, and be selected in yeast cells.
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Fig. 1 The consecutive experimental steps of selective gene isolation.
Step 1: The diagram shows TAR cloning of a gene of interest from total
genomic DNA with a TAR vector containing YAC and BAC cassettes and
two unique targeting sequences (hookl and hook2) (in green)
homologous to the 5" and 3’ end of a gene of interest. The size of hooks
may be as small as 60 bp (Noskov et al. 2001). The hook sequences may
either be both unique, or one of the hook sequences may be a common
repeat (for example, an A/u repeat for cloning from human genomic
DNA). The TAR vector DNA is linearized by a unique endonuclease
located between the hooks to expose targeting sequences. If necessary,
genomic DNA may be treated by CRISPR/Cas9 endonuclease before
yeast transformation, which will greatly increase the yield of
gene/region-positive TAR clones. Step 2: Genomic DNA and a
linearized TAR vector are cotransformed into yeast Saccharomyces
cerevisiae cells. Steps 3 and 4: Recombination between targeting
sequences in the vector and the targeted sequences in the genomic
DNA fragment leads to rescue of the fragment (or gene) as a circular
TAR/YAC/BAC molecule. Step 5: Transferring TAR-isolated molecules
containing a region of interest from yeast cells to bacterial cells by
electroporation. Step 6: BAC DNA is isolated by a standard procedure
for further sequencing or functional analysis

For complex genomes such as human, the basic TAR clon-
ing protocol yields between 0.5 and 5 % of the target gene-
positive clones (Kouprina and Larionov 2006), while for sim-
ple microbe genomes such as the protist 7iypanosoma brucei,
Trypanosoma equiperdum, or Plasmodium falciparum, the
yield is much higher. For example, the yield of the TAR-
cloned P. falciparum var genes reached up to 48 % (Gaida
et al. 2011), while TAR cloning of the repertoires of VSG
expression site containing telomeres isolated from
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Fig. 2 Multiple applications of
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T. equiperdum resulted in a yield as high as 18 % (Young et al.
2008). Recently, we significantly increased the fraction of
gene-positive clones isolated from complex genomes up to
32 % by using Cas9 nucleases that create specific double-
strand breaks bracketing the target genomic DNA sequence,
which makes the ends of the targeted region highly
recombinogenic (Lee et al. 2015) (Fig. 1).

TAR cloning of genes and gene clusters from simple genomes

At present, TAR cloning is routinely used for isolation of
genes and gene clusters from simple genomes such as bacte-
ria, protist, and virus. The method was also adopted for rapid
construction of biochemical pathways. An example of engi-
neering of viral genomes in yeast is assembly of modular viral
scaffolds for targeted bacterial population editing (Ando et al.
2015). Examples of direct capture of genes or gene clusters for
functional studies or commercial purposes include cloning of
the repertoire of individual P. falciparum var genes up to
30 kb in size (Gaida et al. 2011), the Pseudoalteromonas
alterochromide gene cluster of 34 kb in size controlling the
production of alterochromide lipopeptides (Ross et al. 2015),
the nataxazole biosynthesis gene cluster for heterologous ex-
pression into S. albus J1074 and S. lividans JT46 (Cano-Prieto
et al. 2015), the lipopeptide gene cluster of 73 kb in size from
the marine actinomycete Saccharomonospora sp. to yield the
antibiotic taromycin A (Yamanaka et al. 2014), the
Salinispora pacifica natural product gene cluster of 21.3 kb
in size for the biosynthesis of enterocin (Bonet et al. 2015), the
amicoumacin biosynthetic gene cluster from the marine
Bacillus subtilis 1779 for antibiotic production in Bacillus
host (Li et al. 2015a), as well as identification of thiotetronic
acid antibiotic biosynthetic pathways in Salinispora (Tang
et al. 2015), isolation of genes controlling production of
colibactin in E. coli to clarify the biosynthetic pathway to
(pre)colibactin (Li et al. 2015b), and isolation of the repertoire
of VSG expression site containing telomeres from
Trypanosoma brucei gambiense, T. b. brucei, and

e Chromosomal translocations / inversions

Functional Genomics

o Isolation of full length genes
e Construction of HACs

T. equiperdum (Becker et al. 2004; Young et al. 2008). One very
interesting work presents a general experimental framework that
permits the recovery of large natural product biosynthetic gene
clusters on overlapping soil-derived eDNA (environmental)
clones and the resulting reassembly of these large gene clusters
(~90 kb) using transformation-associated recombination (TAR)
in yeast (Kim et al. 2010; Feng et al. 2011). The application of
TAR cloning for rapid cloning and assembly of biosynthetic
gene clusters from collections of overlapping eDNA clones is
an important step toward being able to functionally study larger
natural product gene clusters from uncultured bacteria. Large-
scale functional cloning followed by screening of resulting
eDNA clones should be a productive strategy for generating
previously structurally uncharacterized chemical entities for
use in future drug development efforts. TAR cloning has also
been adapted to serve as a general platform for the engineering
of large metabolic pathways from basic parts, which is summa-
rized in the referenced publications (Shao et al. 2009; Ongley
et al. 2013; Agarwal et al. 2014; Mizutani 2015; Yuan et al.
2016). To summarize, TAR cloning from microbial genomes
helps to better understand the evolutionary and physiological
role of natural products, their structural/functional features,
mechanisms of action, and biosynthesis, which can be used in
the future to address fundamental questions in environmental
evolution and biotechnology (Giordano et al. 2015).

TAR cloning of full-size genes and entire loci from complex
genomes

Complex genomes include animal and plant genomes.
Because TAR cloning is applicable for multiple genomic sam-
ples and clinical material, it is becoming a powerful tool for
functional studies in complex genomes. Over the past few
years, TAR cloning has been used to isolate unique regions,
full-size genes, and gene clusters up to 250 kb from genomes
of the human, nonhuman primate, and mouse (Kouprina and
Larionov 2006; Kim et al. 2011; Kononenko et al. 2014).
Physical analysis has demonstrated a high fidelity of the
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material isolated by TAR cloning. For example, by transfecting
the isolates into mammalian cells, the functionality of several
genes was confirmed, including the breast cancer gene BRCA
(Annab et al. 2000; Kononenko et al. 2014), the human HPRT
gene (Kouprina et al. 1998), the tumor suppressor gene KAII
(Kouprina and Larionov 2006), the metastasis suppressor gene
TEYI (Nihei et al. 2002), the human TERT gene coding for a
catalytic subunit of human telomerase (Leem et al. 2002), and
the cancer-associated genes VHL (mutated in von
Hippel-Lindau syndrome) and NBS! (mutated in Nijmegen
breakage syndrome (Kim et al. 2011). Further evidence of the
accuracy of the TAR cloning was obtained by isolation and shot-
gun sequencing of the genomic regions containing the sperm
protein associated with the nucleus on the X chromosome
(SPANX) genes (Kouprina et al. 2004a, 2005a, 2007a, b,
2012). The sequences of one of the SPANX gene family mem-
bers, SPANX-C, isolated from several individuals differed only
by a single nucleotide substitution due to natural polymorphism
(Kouprina et al. 2005a). TAR-isolated genes can also be success-
fully used in transgenesis. For example, transgenic mice carrying
the entire 50 kb A”TERT locus were constructed and used to show
that in vivo expression of human and mouse 7ERT genes differ
significantly, raising a concern about the use of mouse models
for human cancer and aging (Horikawa et al. 2005).

Separation of gene alleles and long-range molecular
haplotyping

Haplotype analysis is a common tool used in association stud-
ies. The joint distribution of adjacent markers in a population,
which is the haplotype frequency, represents the correlation
between those markers. A major difficulty in using haplotype
markers lies in determining the haplotype phase for individ-
uals heterozygous for more than one marker. Classically, hap-
lotypes are resolved by pedigree analysis, but this approach is
limited by having to collect DNA samples from appropriate
family members and by meiotic recombination. Separation of
individual chromosomes by construction of hybrid cell lines,
microdissection of chromosomes, or amplification of sper-
matocyte DNA are also laborious and time-consuming and
cannot be used for a large number of individuals. At present,
many computer programs are available for haplotype analysis
of samples of unrelated individuals (Salem et al. 2005;
Kuleshov et al. 2014; Wang et al. 2015), though all of them
have limitations and are difficult in resolving the phase of
maternal and paternal chromosomes. TAR cloning can be
used to unambiguously resolve the “haplotype problem.”
Both parental alleles of a gene can be quickly isolated in one
TAR cloning experiment because homologous recombination
between targeting hooks and the target sequence occurs at
equal frequencies in both chromosomes (Fig. 3).

One good example of the application of TAR cloning for this
purpose is separation of the alleles of the ATERT gene (Kim
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Fig.3 TAR cloning for separation of alleles and long-range haplotyping.
TAR cloning experiments result in isolation of multiple gene-positive
clones. Thus, the genomic region corresponding to different alleles
becomes separated into different yeast cells, allowing for independent
analysis

et al. 2003). To prove that different alleles were indeed isolated,
we examined the variable number of tandem repeat (VNTR)
blocks of the TAR isolates. As known, the ATERT gene con-
tains four VNTR blocks—two in intron 2 and two in intron 6.
Earlier analysis of the segregation of these VNTRs in families
revealed that all were transmitted through meiosis and followed
a Mendelian inheritance pattern. Analysis of TAR isolates con-
taining parental A/7ERT alleles determined the specific combi-
nation of minisatellites at each of the polymorphic sites.

An example of the application of TAR cloning for long-
range molecular haplotypying is isolation of the SPANX genes
from different individuals (Kouprina et al. 2007a, b, 2012).
This case is very complicated because sequences of these gene
members have a high level of homology and reside within
large segmental duplications with >95 % identity. Therefore,
their mutational analysis could not be carried out by a routine
PCR analysis or by the next-generation sequencing. We ap-
plied a TAR-cloning-based approach by cloning each member
of'this SPANX gene family (SPANX-A1, SPANX-A2, SPANX-B,
SPANX-C, and SPANX-D). Analysis of the TAR clones re-
vealed that roughly two thirds of SPANX sequence variants
resulted from gene conversion suggesting a high frequency
of recombination between the genes. Based on traces of gene
conversion detected in the SPANX-C locus, it was concluded
that recombinational interaction operates over a long distance
(SPANX-D and SPANX-C genes are separated by more than
500 kb). In most cases, reports of gene conversion in the
human genome are based on comparison of DNA sequences
obtained from different individuals. In the case of SPANX
genes, donor and targeted sequences were isolated from the
same individual. Therefore, our data provided a unique oppor-
tunity to analyze the mechanism of gene conversion in
humans and build long-range SPANX haplotypes in individ-
uals. Analogously, TAR cloning may be applicable to other
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gene families and large segmental duplications (SDs), whose
analysis is prohibited by a high level of homology between
family members.

For a long time, the cluster of SPANX genes was considered
to play a role in prostate cancer. Direct isolation of a set of
overlapping genomic segments of the 750-kb region in X-
linked families with predisposition to prostate cancer revealed
no disease-specific alterations within the SPANX gene cluster
(Kouprina et al. 2012). Thus, TAR cloning allowed exclusion
of the 750-kb genetically unstable region at Xq27 as a candi-
date locus for prostate malignancy.

To summarize, TAR cloning is well suited for separation of
alleles and for a large-scale analysis of long-range haplotypes
in multiply heterozygous individuals and can also be used to
identify haplotypes that may contribute to disease.

Isolation of gene homologues for evolutionary studies

Since up to 15 % divergence in DNA sequences does not
prevent recombination during transformation in yeast
(Noskov et al. 2003b), TAR cloning can be used to isolate
gene homologs. This technique was used to reconstruct the
evolutionary history of several disease-associated genes: the
breast cancer gene BRCA1 (Pavlicek et al. 2004), the micro-
cephaly gene ASPM (Kouprina et al. 2004b), the cancer/testis-
specific antigen gene family SPANX (Kouprina et al. 2004a,
2005a), and the ATM and NBS! genes involved in DNA repair
(NK, unpublished observations). Complete genomic copies of
these genes from human, chimpanzee, gorilla, bonobo, orang-
utan, and rhesus macaque genomes were isolated using TAR
vectors containing human-specific targeting sequences devel-
oped from 5" and 3’ gene-flanking regions. Analysis of cloned
sequence regions revealed that some genes have evolved un-
der strong positive selection. For example, ASPM, which en-
codes a centrosomal protein (Kouprina et al. 2005b), showed
accelerated evolution in the African hominoid clade, preced-
ing hominid brain expansion by several million years
(Kouprina et al. 2004b). These data suggest that the evolution-
ary selection of specific segments of the ASPM sequence
strongly relates to differences in cerebral cortical size.
Analysis of the non-synonymous/synonymous ratio in the
BRCAI gene revealed that most of the internal BRCAI se-
quence is variable between primates and has evolved under
positive selection. In contrast, the terminal regions of BRCAI,
which encode the RING finger and BRCT domains, experi-
enced negative selection, which left them almost identical
between the compared primates (Pavlicek et al. 2004).
Finally, on the basis of protein sequence conservation, we
have been able to identify missense changes that are likely
to compromise BRCA1 function.

Comparison of TAR-isolated, full-length gene homologs
also provides information on the evolution of noncoding re-
gions. An increasing body of evidence indicates the

importance of noncoding regions in regulating gene expres-
sion and their involvement in genomic rearrangements
resulting in gene inactivation. For example, a significant frac-
tion of germ-line BRCAI mutations, which cause hereditary
predisposition to breast and ovarian cancers, are deletions and
duplications that involve one or more exons. Most of them are
caused by recombination between Alu repeats, which are par-
ticularly numerous in BRCA 1. Sequence analysis of full-size
BRCA1I homologs isolated by TAR cloning from a represen-
tative group of nonhuman primates revealed that A/u-mediat-
ed rearrangements, including 4/u transpositions and 4/u-asso-
ciated deletions, are the major forces of evolutionary changes
in noncoding BRCAI sequences (Pavlicek et al. 2004).
Moreover, analysis of BRCA1 TAR-isolated clones indicated
that the structural instability of the locus might be an intrinsic
feature of anthropoids. Most of the A/u repeats involved in
disease-associated genomic rearrangements have been
retained in nonhuman primates, suggesting that the repeats
are of functional significance.

A good example of the application of TAR cloning for
evolutionary analysis is reconstruction of evolutionary history
of the SPANX-A/D gene family in primates (Kouprina et al.
2004a, 2005a). Rapid evolution of these genes and their loca-
tion within segmental duplications (SDs) impede a routine
PCR or next-generation sequencing analyses of syntenic chro-
mosomal segments that is required to detect lineage-specific
amplification of these genes. To overcome this problem, we
selectively isolated syntenic segments from human, chimpan-
zee, bonobo, gorilla, orangutan, and macaque. Sequence com-
parison revealed that TAR clones from syntenic regions of
chimpanzee, bonobo, and gorilla genomes do not contain the
SPANX-C gene, meaning that the SPANX-C gene is human
specific. Analysis of the SPANX-B locus revealed a variable
number of gene copies ranging from 1 to 14 due to the tandem
duplication of a 12-kb DNA segment carrying the SPANX-B
gene present only in humans. Moreover, the analysis revealed
that the SPANX-A/D gene family is absent in orangutan and
macaque (Fig. 4).

Isolation of chromosomal regions which are unclonable
in bacterial vectors

It is well known that some genomic regions are missing in the
existing BAC libraries because they cannot be cloned effi-
ciently, if at all, in Escherichia coli cells. Such regions may
include long inverted repeats and sequences with Z-DNA-like
structures that are extremely unstable in E. coli. Poorly
clonable human sequences include both non-coding and cod-
ing regions. Human DNA sequences that are unstable or
unclonable in E. coli could be cloned and propagated in yeast
using TAR-generated YACs. Two genes that are toxic for
bacterial cells (MUC2 and KAII) have been TAR-cloned in
yeast and then sequenced. Resequencing of these regions
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Fig. 4 Organization of the SPANX genes in primates. Syntenic genomic
fragments containing different members of the SPANX gene family from
the human, chimpanzee, bonobo, gorilla, orangutan, and macaque were
isolated by TAR cloning. Unique targeting hooks in the TAR vectors were
chosen from the available human genome sequences. Comparison of the

showed that the errors in the draft genome sequence were the
results of both missassembly and loss of specific DNA se-
quences during cloning in E. coli (Kouprina et al. 2003a).

TAR cloning was put to use in the final phase of the human
genome sequencing and significantly contributed to closing
the gaps. As an example, several gap regions were selectively
recovered from human chromosome 19 (Leem et al. 2004;
Grimwood et al. 2004) by TAR cloning using sequence infor-
mation of the flanking contigs. Analysis of the gap sequences
revealed that they contain several abnormalities that could
result in instability of the sequences in microbe hosts, includ-
ing large blocks of microsatellites and minisatellites and a
high density of A/u repeats. In addition, sequencing of these
gap regions allowed us to generate a complete sequence of
four genes, including the neuronal cell signaling gene SCK1/
SLI that contains a record number of minisatellites, most of
which are polymorphic and transmitted through meiosis in a
Mendelian fashion (Leem et al. 2004). The same recombina-
tional cloning approach may be applied for isolation of geno-
mic fragments from other genomes that are not clonable in
E. coli vectors.

Construction of HACs for gene functional studies

Progress in functional genomics depends on both the availability
of full-length genes and a suitable system for gene delivery. TAR
cloning solved the problem of full-length gene isolation. During
the past few years, there has also been great progress in construc-
tion of new gene delivery vectors, i.e., human artificial chromo-
somes or HACs (Harrington et al. 1997; Ikeno et al. 1998;
Henning et al. 1999; Ebersole et al. 2000; Mejia et al. 2002;
Ikeno et al. 2002; Kouprina et al. 2003a; Katoh et al. 2004;
Kazuki and Oshimura 2011; Kouprina et al. 2013, 2014;
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sequences showed that TAR clones from chimpanzee, bonobo, and
gorilla do not contain SPANX-C along with the duplication. In addition,
the amplification of SPANX-B from one to 14 copies in different
individuals is also human specific. The SPANX-A/D gene family is
absent in the orangutan and macaque

Oshimura et al. 2015). HACs are extra chromosomes carrying
all of the required components of a functional kinetochore as-
sembled on a large block of centromeric alphoid DNA repeats.
Therefore, they are maintained stably as an additional 47th chro-
mosome in human cells, thus avoiding insertional mutagenesis
due to integration into host chromosomes. They do not cause
severe immunogenic responses, which have been a serious
problem with viral-based vectors (Lufino et al. 2008; Buchholz
et al. 2009; Wanisch and Yafiez-Muiioz 2009; Epstein 2009;
Maier et al. 2010; Mingozzi et al. 2011; Zhang et al. 2014).
HAC: have essentially unlimited cloning capacity and may carry
one or several therapeutic genes surrounded by their long-range
controlling elements that should confer physiological
levels of fully regulated gene expression (Tedesco et al. 2011;
Kim et al. 2011; Kononenko et al. 2014). When regulatory ele-
ments such as enhancers, for example, are too far away from the
gene or even on a different chromosome, recapitulation of phys-
iological regulation of endogenous loci can be achieved using a
HAC vector containing several gene acceptor sites. A gene of
interest may be inserted into one acceptor site, while the enhancer
element is inserted into another (Suzuki et al. 2014). Several
studies have demonstrated the efficacy of de novo assembled
HAG: for delivery and expression of full-size genes, including
those isolated by TAR cloning, in human or embryonic cells with
their further differentiated progeny in mice (Kim et al. 2011;
Kononenko et al. 2014; Liskovykh et al. 2015; Oshimura
et al. 2015).

Existing strategies for HAC construction can be divided
into two classes: top down, based on the truncation of an
existing chromosome into a much smaller minichromosome
suitable for further manipulation, and bottom up, based on
transfection of large blocks of centromeric alphoid DNA into
human cells with resulting HAC formation (Oshimura et al.
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Fig. 5 Coupling of TAR gene cloning technology with the HAC gene P>

delivery and expression system. a Amplification of synthetic alphoid
DNA repeats for HAC construction by TAR cloning. Step 1:
Amplification involves two substeps: rolling-circle amplification (RCA)
of 340 bp alphoid DNA dimers to 1-2 kb tandem repeats (direction of
repeats is shown by arrows) and cotransformation of the TAR vector and
a mixture of the overlapping tandem repeats followed by end-to-end
recombination through interaction of the recombined fragments with the
TAR vector hooks that results in the rescue of large alphoid arrays up to
100 kb in size as circular molecules. The vector contains a yeast cassette,
a mammalian selectable marker (the Neo or BS gene), and a BAC
replicon. Step 2: After transfection into human cells, both the synthetic
and natural arrays are capable of de novo HAC formation. To convert a
HAC into a gene delivery vector, a unique loxP gene loading site is
inserted. b Step 3: Loading of a TAR-isolated gene allele (mutl, mut2,
or mut3) of a gene of interest into the loxP site of the HAC gene delivery
vector by Cre-loxP-mediated recombination

2015; Katona 2015; Moralli and Monaco 2015). TAR cloning
allows for the construction of synthetic arrays of alphoid DNA
with a predetermined structure, which may be then used as
substrates for HAC formation (Ebersole et al. 2005). This
approach starts with a short alphoid DNA multimer (e.g., a
dimer) that is assembled by in vivo homologous recombina-
tion in yeast (TAR cloning) into alphoid arrays up to 150 kb in
size (Fig. 5a) (Ebersole et al. 2005). The minimum size of the
array that is required for de novo HAC formation is ~40 kb.
After transfection of such synthetic arrays (or natural alphoid
arrays cloned by TAR cloning (Kouprina et al. 2003b)) into
human cells, de novo HACs are generated, ranging in size
from 1 to 10 Mb due to amplification of the input alphoid
DNA (Fig. 5a). Thus, the use of TAR cloning advances con-
struction of HACs with a predetermined structure, which is
very useful for analysis of the human kinetochore (Bergmann
et al. 2012; Ohzeki et al. 2015).

The most advanced de novo constructed HAC is the
alphoid“"*-HAC engineered from a ~50-kb synthetic alphoid
DNA array, in which the tetracycline operator (tet-O) se-
quences were embedded (Nakano et al. 2008). Therefore, this
HAC contains a conditional kinetochore that can be
inactivated by expression of tet-repressor fusion proteins,
resulting in loss of the HAC from populations of dividing
cells. It was subsequently demonstrated that the alphoid"*-
HAC may carry a genomic copy of a TAR-cloned gene (either
VHL, NBS1, BRCAI, or HPRT) (Fig. 5b) (Kim et al. 2011;
Kononenko et al. 2014), which if necessary may be success-
fully eliminated from cells by loss of the HAC following ki-
netochore inactivation.

In the recent study, the HAC vector containing a regulated
centromere was used for delivery and expression of the TAR-
cloned 90-kb genomic copy of the BRCA! gene into the gene-
deficient human cells (Kononenko et al. 2014). The use of this
system demonstrated that deficiency in BRCAI results in an
elevated level of transcription of diverged pericentromeric re-
peats, forming constitutive heterochromatin, as well as higher-
order alphoid DNA repeats (HORs), forming a functional
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kinetochore. These data support the hypothesis that epigenetic
alterations of these regions initiated in the absence of BRCA1
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could result in kinetochore disassembly, leading to chromo-
some instability and cell transformation.

Thus, the alphoid®®-HAC vector has significant advan-
tages because it provides a mechanism to compare the pheno-
type of human target cells with or without a functional copy of
any cloned gene of interest, a feature that provides a control
for phenotypic changes attributed to the expression of HAC-
encoded genes. This generation of human artificial chromo-
somes from synthetic alphoid arrays seems to be the most
suitable for studies of gene function and therapeutic
applications.

TAR cloning for synthetic biology

The recent progress in synthetic genomics was determined to a
certain extent by the use of TAR cloning. A few years ago, the
J Craig Venter Institute had attempted complete synthesis and
assembly of a whole bacterial (Mycoplasma genitalium) ge-
nome (582,970 bp), a culmination of about 10 years of work
(Gibson et al. 2008a). The M. genitalium genome was assem-
bled using a combination of in vitro enzymatic and in vivo
TAR cloning methods. In the early stage, an in vitro recombi-
nation method was utilized to assemble 25 DNA cassettes
with an average length of 24 kb into eight 72-kb assemblies
and subsequently assembled into four 144-kb assemblies. It
was found that the efficiency of the in vitro procedure greatly
declined as the assemblies became larger, and the half-ge-
nomes, each of 290 kb in size, were unable to be assembled
at all. Therefore, the in vivo recombination in yeast was
exploited to complete the final whole genome assembly. In
the meantime, it was also found possible to directly assemble
25 DNA cassettes from the earliest stages into a complete
genome in a single step using TAR cloning in yeast (Gibson
et al. 2008b). Thus, use of TAR cloning greatly simplifies the
assembly of large DNA molecules from both synthetic and
natural fragments.

Subsequently, Gibson et al. (2010) reported the creation of
a bacterial cell controlled by a chemically synthesized ge-
nome. A 1.1 Mb M. mycoides genome was assembled by
TAR cloning from 11 ~100-kb DNA segments in yeast
(Lartigue et al. 2009); it was then transplanted into a closely
related M. capricolum recipient cell to form a new
M. mycoides cell that was controlled solely by the synthetic
genome. The new cells have expected phenotypic properties
and are capable of continuous self-replication. Thus, the full
circle starting from de novo synthesis of a whole mycoplasma
genome and ending with its transfer into a bacterial cell has
been accomplished. These organisms were first selected for
genome cloning/replacements because of their small genome
size and also because of the expectation that the genomes were
unlikely to produce toxic gene products in yeast as a result of
their alternative genetic code.

@ Springer

So far, cloning in yeast of whole genomes or individual
chromosomes was successfully accomplished for species such
as M. pneumoniae (0.8 Mb) (Benders et al. 2010),
Acholeplasma laidlawii (1.5 Mb) (Karas et al. 2012),
Prochlorococcus marinus MED4 (1.6 Mb) (Tagwerker et al.
2012), and eukaryotic algal Phaeodactylum tricornutum
(27.4 Mb) (Karas et al. 2013). In the last case, two individual
chromosomes with a size of ~500 kb were assembled by TAR
cloning in yeast. At present, propagation in yeast has been
hampered for the Acholeplasma laidlawii genome due to the
presence of a single gene that is toxic to yeast cells. Also, a
high G+C content (55 %) prevents propagation in yeast of
bacterial fragments larger than 200 kb. It becomes a possibil-
ity if an additional ARS sequence(s) is added (Noskov et al.
2012; Karas et al. 2013).

In contrast to most other eukaryotic organisms, the intro-
duction of targeted and specific modifications such as gene
deletions, insertions, or replacements into the genome of
Saccharomyces cerevisiae has been standard for decades
(Hinnen et al. 1978; Scherer and Davis 1979). Therefore, the
reported assembly of microbe genomes in yeast provides an
unprecedented opportunity for their further modifications in
order to address key questions of synthetic biology.

The yeast S. cerevisiae is the most intensively studied
unicellular eukaryote and one of the main industrial mi-
croorganisms used in the production of biochemicals.
The potential of yeast as a powerful host for synthetic
biology has already been successfully demonstrated by
both basic research, namely the de novo synthesis of a
complete chromosome (Annaluru et al. 2014), and the
application-oriented engineering of complex pathways,
such as the synthesis of amorphadiene and vanillin
(Brochado and Patil 2013; Westfall et al. 2012).
Recently, the TAR cloning strategy has been applied
for assembling genetic pathways for expression in
S. cerevisiae (Mitchell et al. 2015). The authors demon-
strated the assembly of four-, five-, and six-gene path-
ways to generate S. cerevisiae cells synthesizing f3-
carotene and violacein.

Currently, the most ambitious project in yeast synthetic
biology is the complete de novo synthesis of all 16 chromo-
somes, Sc2.0. Although this project is at its very beginning,
with one synthetic chromosome (chromosome III) completed
(Annaluru et al. 2014), the consortium plans to finish all ad-
ditional chromosomes by 2019. It is worth noting that the
assembly of overlapping DNA fragments by TAR cloning
was a critical step in de novo synthesis of the first yeast chro-
mosomes (Annaluru et al. 2014).

To conclude, TAR cloning has emerged an essential method
for the assembly of new microbe genomes and synthetic biol-
ogy. Additional information about strategies for cloning and
manipulation of natural and synthetic chromosomes can be
found in recent publications (Gibson 2014; Karas et al. 2015).
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