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Chromosome engineering is a major focus in the fields of systems
biology, genetics, synthetic biology, and the functional analysis
of genomes. Here, we describe the “telomerator,” a new syn-
thetic biology device for use in Saccharomyces cerevisiae. The
telomerator is designed to inducibly convert circular DNA mol-
ecules into mitotically stable, linear chromosomes replete with
functional telomeres in vivo. The telomerator cassette encodes
convergent yeast telomere seed sequences flanking the I-Scel
homing endonuclease recognition site in the center of an intron
artificially transplanted into the URA3 selectable/counterselect-
able auxotrophic marker. We show that inducible expression of
the homing endonuclease efficiently generates linear molecules,
identified by using a simple plate-based screening method. To
showcase its functionality and utility, we use the telomerator
to circularly permute a synthetic yeast chromosome originally
constructed as a circular molecule, synIXR, to generate 51 linear
variants. Many of the derived linear chromosomes confer un-
expected phenotypic properties. This finding indicates that the
telomerator offers a new way to study the effects of gene
placement on chromosomes (i.e., telomere proximity). How-
ever, that the majority of synIXR linear derivatives support vi-
ability highlights inherent tolerance of S. cerevisiae to changes in
gene order and overall chromosome structure. The telomerator
serves as an important tool to construct artificial linear chromo-
somes in yeast; the concept can be extended to other eukaryotes.
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hromosome engineering is the study of genetic modifications

that affect large segments of chromosomes. Top-down ap-
proaches start with preexisting chromosomes and modify them
in vivo by introducing, for instance, deletions, translocations, or
duplications. Bottom-up approaches involve design and construc-
tion of chromosomes de novo. To facilitate successful chromosome
engineering efforts, we need a strong understanding of chromo-
somal features that confer mitotic stability such as centromeres,
telomeres, and replication origins. Moreover, it is important to
appreciate the effects of the spatial relationships between such
elements and other critical features such as genes.

The Saccharomyces cerevisiae genome is an excellent platform
to develop tools for eukaryotic chromosome engineering given its
ease of genetic manipulation. The S. cerevisiae genome is composed
of 12 Mb of DNA organized as 16 linear chromosomes ranging in
size from 230 kb to more than 2 Mb (1). Three important cis
elements are required to maintain chromosome stability through
mitosis and meiosis: Compact point centromeres (~125 bp) ensure
faithful segregation of sister chromatids (2) and homologs in mei-
osis I, replication origins are necessary for genome duplication be-
fore cell division (3, 4), and conserved telomere sequences protect
chromosome ends ensuring maintenance of chromosome length
during replication (5, 6). With these elements intact, many lines
of evidence indicate that budding yeast tolerate a high degree
of chromosomal modification without affecting viability. For
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instance: (i) the largest yeast chromosome (I}') can be sub-
divided into 11 separate minichromosomes (7); (ii) more than
500 kb, including 247 nonessential genes, can be deleted in a
single haploid strain (8); (iii) any of the 16 chromosomes can
be individually destabilized in a diploid cell to generate a chro-
mosomal complement of 2n—1 (9); (iv) synthetic chromosomes
such as synlII (10) and synIXR (11), built to the designer speci-
fications of the Sc2.0 Yeast Genome Project, power growth of
budding yeast in the absence of the corresponding native chro-
mosomes (10, 11).

With the goal of systematically and specifically perturbing the
order and orientation of genetic elements on chromosomes in
S. cerevisiae, we developed the telomerator, a genetic tool that
can linearize circular DNA molecules in vivo on demand. Impor-
tantly, the linear derivatives generated via the telomerator encode
functional telomeres and are thus mitotically stable. We used the
telomerator to circularly permute the synthetic yeast chromosome,
synIXR, encoded in the form of a bacterial artificial chromosome
(BAG; herein referred to as synIXR BAC). In 51 viable linear
permutants, we discovered substantial phenotypic diversity that
depends on changes in expression of genes required for growth,
mediated by telomere position effects. Further, our results support
the conclusion that telomerator-induced linearization generates
linear chromosomes with functional telomeres on which hetero-
chromatin is fully established.

Significance

The ability to design and build nonnative DNA sequences
conferring specific and useful engineered functions on cells
defines the field of synthetic biology. Here, we describe a
synthetic biology device built for Saccharomyces cerevisiae.
The telomerator inducibly and precisely linearizes circular
DNA molecules in vivo, yielding derivatives that encode
functional telomeres at each end. The telomerator provides
the means to engineer artificial chromosomes, typically con-
structed as circular molecules, because telomerator-mediated
linearization permits specific positioning of genes to modu-
late their expression. The telomerator also provides a tool to
probe spatial relationships between functional elements on
chromosomes such as telomeres, centromeres, and replication
origins. In the future, the telomerator may be applied to en-
gineer artificial chromosomes in other organisms.
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Results

The design of the telomerator includes several different elements
for its function (Fig. 14). Centrally, the telomerator encodes an
18-bp recognition sequence for the I-Scel homing endonuclease
(12, 13). This site is flanked by a pair of convergent telomere
seed sequences (TeSSs) that encode ~40 bp of conserved yeast
telomere repeats [(TG;3y)16. - -(C(1-3yA)15] previously shown to
serve as a minimal telomeric repeat (14) (Fig. 1B). The entire
TeSS-I-Scel recognition sequence-TeSS cassette is encoded within
an intron that interrupts the S. cerevisize URA3 auxotrophic se-
lectable marker coding sequence. Previous work showed that
transplantation of the ACTI gene intron into the middle of the
URA3 coding sequence did not disrupt complementation of gene
function as measured by growth of a ura3 mutant on medium
lacking uracil. This result indicates the mRNA was expressed and
the nonnative intron correctly spliced before translation of the
URA3 gene product (15). To facilitate inducible linearization,
I-Scel expression can be placed under control of the inducible
GALI promoter and, thus, linearization specifically induced by
growth in medium containing galactose. Under standard growth
conditions in glucose medium, the telomerator cassette remains
intact with cells expressing a functional Ura3 protein, com-
plementing growth of a ura3A0 strain on medium lacking uracil.
Following growth in galactose, cells containing the linearization
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Fig. 1. Telomerator design and function. (A) The telomerator encodes a
selectable URA3 gene sequence interrupted by an intron (ACT1 intron) that
harbors a homing endonuclease recognition site (depicted by scissors). The
recognition site is flanked by telomere seed sequences (TeSS). The URA3
promoter sequence also encodes a strong 3’ transcriptional terminator se-
quence (3'TT). The telomerator cassette is encoded on a circular DNA mol-
ecule yielding cells that grow on medium lacking uracil (Ura™) but are
sensitive to the uracil counterselection drug Foa (Foad), assuming the circular
DNA molecule encodes at least one essential genetic part. Expression of
I-Scel, under the control of the GALT promoter (pGALT1), is induced by
growth in galactose medium. Cells harboring newly linearized molecules
should no longer grow on plates lacking uracil (Ura™) and should be resistant
to Foa (Foa®). (B) Detailed sequence information for the TeSSs (pink) flanking
the I-Scel recognition sequence (black) of the telomerator. (C) The telomerator
complements yeast cell growth on medium lacking uracil. Plasmids encoding
a native URA3 gene (Left), a URA3 gene interrupted by the intron of ACTT1
(Middle), or a URA3 gene interrupted by a telomerator sequence encoded
within the ACTT intron (Right) were transformed into a yeast strain (BY4741)
incapable of growing on medium lacking uracil (SC-Ura). Growth of the resulting
transformed colonies on SC-Ura was indistinguishable, indicating normal ex-
pression of the URA3 gene product from the telomerator-encoding construct.
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product can be selected on 5-fluoroorotic acid (Foa) medium,
which counterselects URA3™ cells (16). A circular telomerator-
containing molecule grows on medium lacking uracil and dies on
FOA, but a cell harboring a linearized molecule, in which the
URA3 gene component of the telomerator is literally split in two,
display the opposite growth phenotype [Ura~, Foa® (uracil re-
quiring and resistant to Foa)] (Fig. 14). Once converted to a
linear molecule, the newly terminally exposed telomere seed se-
quences should be extended by native telomerase to generate
functional telomeres and confer mitotic stability.

Whereas expression of the URA3 gene interrupted by the
ACTI intron was shown to complement growth of ura3 mutants
on medium lacking uracil (15), the effect on complementation of
further encoding the TeSS-I-Scel-TeSS sequence within the
intron was unknown. To evaluate the effect of the TeSS-I-Scel-
TeSS insertion, we first constructed the telomerator cassette in
pRS413, a centromere-based yeast shuttle vector encoding the
HIS3 selectable marker (17). The telomerator-containing construct
was transformed into BY4741, a yeast strain with a complete
URA3 deletion (ura3A0) (18), and plated on medium lacking
uracil. Growth of the resulting transformants was compared
with cells transformed with pRS416, another centromere-
based yeast shuttle vector encoding a wild-type URAJ gene,
or a plasmid encoding the URA3exon1-intronACTI1-URA3exon2
cassette (15), identical to the telomerator plasmid but lacking
the TeSS-I-Scel-TeSS sequence. Growth of cells transformed
with any of the three constructs on medium lacking uracil was
indistinguishable (Fig. 1C). Thus, the presence of the TeSS-I-
Scel-TeSS sequence within the ACTI intron interrupting
the URA3 gene does not interfere with growth on medium
lacking uracil.

Chromosome length has important consequences for mitotic
stability in S. cerevisiae because linear chromosomes shorter than
90 kb exhibit markedly decreased stability (19). Therefore, we
tested the capacity of the telomerator to linearize circular DNA
molecules in vivo by using synIXR BAC, a circular synthetic yeast
chromosome arm (11, 20) ~100 kb in size. SynIXR BAC encodes
all 52 genes from the right arm of chromosome 9 (YIR001C-
YIR044C), 2 genes from the left arm (YIL0O0OIW, YIL0O2C), the
native chromosome 9 centromere (CEN9), a yeast selectable
marker (LEU2), plus ~10 kb of BAC vector sequence including
a chloramphenicol resistance gene and bacterial replication or-
igin (Fig. 24). SynIXR, which encodes seven essential genes, was
shown to be mitotically stable in vivo and power yeast cell growth
at wild-type levels in the absence of the wild-type chromosome
arm IXR (11). Two “gene-free” regions of synIXR BAC were
chosen as initial candidate integration sites for the telomerator
cassette, which was then introduced by homologous recombina-
tion to generate two new derivative circular chromosomes designed
for subsequent linearization. Additionally, the URA3exonl-
intronACTI-URA3exon2 cassette (15), lacking the TeSS—I-Scel-
TeSS sequence, was integrated at the same two positions to gen-
erate auxotrophically equivalent, but nonlinearizeable control
strains. All four strains were transformed with a plasmid ex-
pressing pGALI-I-Scel, grown in galactose medium for 24 h,
and finally ~200 cells were plated on YPD, permissive yeast
medium containing glucose. These plates were replica-plated
onto medium containing Foa and uracil, or on medium lacking
uracil [synthetic complete (SC)-Ura] or leucine (SC-Leu) (Fig.
2B). At either integration site 1 or 2, in cells expressing the
functional telomerator cassette (+ I-Scel), ~50% of cells became
resistant to growth on Foa and correspondingly lost ability to
grow on SC-Ura, consistent with successful linearization (Fig.
2B, Top). The remaining half of cells that were sensitive to Foa
was able to grow on SC-Ura, suggesting that in those cells, the
synIXR BAC had not been linearized. When comparing cells
harboring circular or putative linear synZXR molecules, there were
no apparent changes to colony size or shape, suggesting the
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linearized construct was mitotically stable. In cells lacking the
I-Scel recognition site (—I-Scel), the Foa® phenotype was not
observed, demonstrating that linearization depends on this se-
quence (Fig. 2B, Bottom). Taken together, these results suggest
the telomerator efficiently linearizes circular DNA molecules in
vivo upon induction.

The telomerator enables precise control over the location at
which a circular DNA molecule is linearized. Thus, it represents
a tool to probe the function of gene order, orientation, and
chromosomal structure in vivo. For instance, if integrated between
two genes, telomerator-driven linearization will yield novel telo-
mere-promixal gene positioning that could lead to subtelomeric
silencing. Furthermore, depending on the orientation of each gene
with respect to the telomerator cassette, linearization could dis-
rupt either 5’ or 3’ regulatory elements that drive their tran-
scription. To test these ideas, we integrated the telomerator
cassette 3 bp downstream of all chromosome IX genes on the
synIXR BAC, generating an array of 54 permutable strains. We
chose this position because it was previously shown to tolerate
the insertion of synthetic sequences (11). Indeed, the synZXR BAC
encodes a 34-bp site-specific recombination site (loxPsym) at this
position downstream of every nonessential gene on the BAC with
no effect on cell fitness (Fig. 24). Moreover, the promoter region
of the telomerator-encoded URA3 contains a terminator sequence
for polyadenylation of incoming transcripts (21). Integration of
the telomerator 3’ downstream of any gene, while disrupting na-
tive 3’ end forming sequences, provides a built-in, nonnative ter-
minator sequence for the resulting transcript. For the telomerator
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Fig. 2. The telomerator drives in vivo linearization
of a synthetic yeast chromosome arm, synIXR BAC.
(A) synIXR BAC is a ~100-kb circular chromosome
arm that can power a yeast cell. In independent
integration experiments, the telomerator cassette
was introduced by homologous recombination at
two gene-free regions of synIXR BAC as indicated
(integration site 1, ~40 kb; integration site 2, ~80 kb).
(B) Following 24 h of growth in galactose-containing
medium to induce expression of I-Scel, single cells
from integration site 1 (Left) and integration site 2
(Right) were plated on YPD medium, and then rep-
lica plated onto SC medium supplemented with
5’-fluoroorotic acid (Foa), and SC medium lacking
uracil or leucine (SC-Ura and SC-Leu, respectively).
Only in cell populations encoding an intact I-Scel
recognition sequence as part of the telomerator
cassette (+ I-Scel; Top) did linearization occur, as
assayed by appearance of colonies displaying growth
on Foa and nongrowth on SC-Ura.
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cassette integration, at each of the nonessential genes, we “over-
wrote” the preexisting loxPsym site, and for the seven essential
genes (which lacked loxPsym sites), we inserted the cassette 3 bp
downstream of the stop codon. In all cases, the telomerator was
encoded on the same DNA strand as the targeted gene. Inte-
gration at the correct locus was confirmed for all 54 permutable
strains by PCR using a gene-specific primer in combination with
a telomerator-specific primer (Fig. S14). Next, the pGALI-
I-Scel construct was transformed into the 54 strains, which were
grown in galactose medium for 24 h to induce linearization. Foa
resistant cells were selected, enabling isolation of the permuted
array of linearized synIXR-containing strains (Fig. 34). Each
permutant resulted in relocation of the targeted gene into the
subtelomere, positioning the stop codon ~800 bp upstream of a
TeSS (Fig. 3). To directly investigate whether the synIXR BACs
had been linearized, full-length chromosomes from permuted
strains, prelinearization and postlinearization, were separated by
pulsed field gel electrophoresis. Only the telomerator strains
subjected to growth in galactose and subsequent selection on Foa
exhibited a band on the gel corresponding to the linearized form
of synIXR (Fig. 44 and Fig. S1B). Also, consistent with lineari-
zation, we found that Foa®/Ura™ isolates from the entire panel of
viable permutants no longer yielded PCR amplicons spanning
the TeSS-I-Scel-TeSS junction (Fig. S14). In the circular con-
formation, we found that simply integrating the telomerator
caused no noticeable change in fitness at any of the 54 loci (Fig.
4B). Of the 54 sites into which the telomerator had been inte-
grated, 51 could be linearized and give rise to viable Foa® colonies
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Fig. 3. Circular permutation of a synthetic eukaryotic chromosome, syn/XR
BAC. Schematic depicting 54 expected syn/XR linear chromosome structures
achieved via telomerator-mediated linearization downstream of each yeast
genes on the chromosome. The systematic yeast gene names denote both
the gene downstream of which the telomerator was integrated plus the
final chromosomal positioning of that gene in the linear structure.

(Fig. 4B). The three positions at which linearization of synIXR was
lethal were 3’ of YIR0O14W, YIR0O2IW, and YIR020C-B (Fig. 4B).
YIR014W encodes a putative protein of unknown function and is
located directly upstream of the essential YIR015W; linearization
3" of YIROI4W repositioned the promoter of YIROISW ~800 bp
downstream of a telomere. YIRO2IW (MRS1) encodes a splicing
factor for mitochondrial group I introns and YIR020C-B is a du-
bious ORF that overlaps YIR0O21W; linearization 3’ of either of
these two genes repositioned the essential YIRO22W subtelomeri-
cally. Although not lethal, many other linear chromosome deriva-
tives resulted in modest growth defects at 30 °C (Fig. 4B). At 37 °C,
almost half of all permuted strains grew slowly. Together, the data
indicate that telomerator-induced linearization provides a new
way to generate diverse growth phenotypes.
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We hypothesized that telomeric silencing could underlie the
fitness defects observed in many of the linear permutations of
synIXR (Fig. 4B). Telomeric silencing, or the transcriptional
repression of genes in proximity to telomeres, is an epigenetic
phenomenon relying on the establishment of heterochromatin
that spreads inward from the ends of chromosomes. Linearization-
dependent relocation of essential genes into subtelomeric regions
and the subsequent reduction in expression could have a major
impact on cell fitness and/or survival. Indeed, mapping the po-
sition of the seven essential genes onto the array of linearized
permutations of synIXR suggests that fitness defects tend to oc-
cur in strains in which one or more essential genes are relocated
to within 10 kb of a telomere (Fig. 3). To study the effect of
linearization on gene expression, we tested the expression level of
the seven essential genes (YIR006C, YIR008C, YIR010W, YIR011C,
YIR012W, YIRO15W, YIR022W) plus three genes required for fast
growth (YIR0O05SW, YIR009W, YIR026C) by quantitative PCR in
11 linearly permuted strains of synIXR BAC (linearized 3’ of
YIR011-YIR020C; Fig. 54). These particular strains were selected
because they are located on either side of one of the positions at
which linearization was found to be lethal (3’ of YIR0I4W), sev-
eral exhibit slow growth at 30 °C, and many are dead or barely
alive at 37 °C (Fig. 4B). In cells growing at 30 °C, we discovered
changes in expression of many of these 10 genes (Fig. 54).
However, most consistently we found a reduction in expression
of the essential gene YIROI5W, an observation that largely cor-
related with decreased fitness at 30 °C and/or 37 °C in the strains
(Figs. 54 and 4B). YIROI5W (RPR2) encodes an essential sub-
unit of the nuclear RNase P complex that cleaves tRNA pre-
cursors to generate mature 5’ ends and facilitates turnover of
nuclear RNAs (22, 23). That yeast cells may be exquisitely sen-
sitive to reduced expression of YIROI5W is consistent with the
observation that telomerator-driven linearization 3’ of YIR014W,
which repositions the YIR0I5W promoter adjacent to a telomere,
cannot be tolerated. To specifically test this hypothesis, we
cloned the YIROI5W gene into a CEN vector and transformed it,
or the corresponding empty vector, into six strains harboring
the telomerator cassette integrated at unique positions (3’ of
YIR011C-YIR0I6W) on the synIXR BAC. The linear permu-
tations of synIXR were generated by growth in galactose in the
presence of the pGALI-I-Scel construct, and Foa®/Ura™ cells
were identified. We discovered that the plasmid-borne copy of
YIR015W rescued both slow growth and lethality at 30 and 37 °C
in all strains examined, including linearization downstream of
YIR014W, whereas cells harboring an empty vector displayed
growth defects/lethality as described previously (Figs. 4B and 5B).
Interestingly, increased expression of Y/ROI5W in a linear per-
mutant in which expression of this gene was not altered (line-
arization 3’ of YIR011C; Fig. 5A4) resulted in slow growth in
both the circular and linear format at 37 °C, suggesting that
both gain- and loss-of-function of YIR0I5W inhibit yeast cell
growth. This result is consistent with the fact that the
YIRO1I5W gene product, Rpr2, is a member of a protein
complex (22) whose function may be disrupted by imbalanced
stoichiometry among subunits.

The process of telomeric silencing is mediated in part by the
lysine deacetylase enzyme Sir2 (24), which deacetylates histone
H4, forming a heterochromatin-like structure (25). To globally
test the hypothesis that silencing of telomere-proximal genes
impacts fitness across the entire array of linearly permuted strains,
we deleted SIR2 from each of the 54 linearizable synIXR BAC
strains. Following transformation of the pGALI-I-Scel construct
and growth in galactose, cells harboring linearized synIXR mole-
cules were selected on medium containing Foa. We discovered
that disruption of telomeric silencing by SIR2 deletion rescued
nearly all of the growth defects associated with linear permuta-
tions of synIXR (Fig. 6). Notably, deletion of SIR2 allowed lin-
earization where it was not observed in the wild type, namely
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Fig. 4. Characterization of strain encoding linear permutations of syn/XR. (A) Pulsed field gel showing appearance of linear syn/XR after galactose induction in
six representative strains (the telomerator was integrated downstream of YIR039C, YIR040C, YIR041W, YIR042C, YIRO43C, YIR044C), compared with a wild-type
strain encoding a native chromosome /X (BY4741), or the parental strain used for telomerator integrations (syn/IXR BAC). The circular form of synIXR BAC is
not detectable on pulsed field gel. |, linear; O, circular. (B) Fitness assays of permuted strains. Growth of strains, prelinearization (circular) and post-
linearization (linear), was assessed at 30 °C (Top) or 37 °C (Bottom) on rich medium. Shown here are 10-fold serial dilutions after 2 d growth. Permuted strains

not pictured here did not exhibit growth defects.

3’ of YIR0I4W (Fig. 3). Importantly, these results are consistent
with the conclusion that telomerator-encoded 40-bp telomere
seed sequences generate functional telomeres complete with the
potential for the appropriate establishment of heterochromatin.
In native chromosomes, subtelomeric sequences can buffer the
effects of gene silencing, as can insulators. Future telomerator
designs could incorporate such elements.

Next, to investigate the stability of “telomerated” linear chro-
mosomes, we tested their propensity to recircularize. Here, we
asked whether six high fitness synIXR linear permutations (line-
arized 3’ of YIR029W, YIR030C, YIRO30W-A, YIR031C, YIR032C,
and YIR033W) could regain the ability to grow on medium lacking
uracil, a selective pressure favoring the action of DNA repair
mechanism(s) rejoining the two halves of the ACTI intron at the
termini of the linearized chromosome to reinstate URA3 expression.
The six linear permutants were grown to saturation in YPD me-
dium, washed once with water, and ~2 x 107 cells were plated on
synthetic medium lacking uracil. After 5 d, one to five robustly
growing Ura™ colonies arose on three of the six plates. Colonies
from each of the three plates were selected for sequence analysis.
In all cases examined, we discovered the genetic basis underlying
the Ura™ phenotype was likely due to gene conversion templated
by the native ACT! intron locus (Fig. S2). The small fraction
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of Ura™ colonies recovered in this experiment suggests that
telomerator-generated linear chromosomes and their associated
nascent telomeres are not only functional but also highly stable.

Discussion

The telomerator represents a new, convenient, and precise way
to linearize circular DNA molecules in vivo in S. cerevisiae. It can
be applied to the construction and expression of artificial chro-
mosomes encoding nonnative pathways that could confer a mul-
titude of new functions to the cell. At least two previous methods
have been used to construct artificial linear chromosomes in
yeast. First, nonnative chromosomes (i.e., YACs) were generated
by in vitro ligation of synthetic telomere sequences onto linear
DNA followed by transformation and selection in yeast (26, 27).
This approach overcomes the complicating factor that linear
DNA molecules cannot be replicated in Escherichia coli and can
therefore be difficult to construct. Second, a circular derivative
of chromosome three (28) was linearized by integrating into it
synthetic telomere sequences; over time these sequences resolved
in vivo to generate a linear molecule (29). Together these studies
uncovered important features that underlie mitotic stability of
S. cerevisiae chromosomes. In terms of chromosome engineering,
the telomerator now presents many new advantages: (i) the use
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Fig. 5. SynIXR linear permutations display changes in expression of essential genes and genes required for fast growth. (A) The relative normalized expression
of 10 different genes (listed in Inset legend) was determined for 11 different syn/XR permutations (Y/R011C, YIRO12W, YIR013C, YIRO15W, YIRO16W,
YIRO17W-A, YIRO17C, YIRO18W, YIRO18C-A, YIR019C, YIR020C) compared with a strain encoding syn/XR BAC. Expression of the same 10 genes was also deter-
mined relative to syn/XR BAC for BY4741, which encodes native chromosome /X. (B) Fitness assays of permuted strains expressing Y/RO15 episomally

[pYIRO15W] or an empty vector. Shown here are 10-fold serial dilutions after 2 d growth on selective medium.

of telomere seed sequences derived from native yeast telomeres;
(i) the ease with which a telomerator construct can be PCR
amplified and, thus, integrated at any number of specifically tar-
geted loci; (iii) recovery of virtually 100% correct clones with no
requirement for cumbersome screening approaches; and (iv) in-
ducible control over the timing of linearization in vivo.

Here, by circularly permuting synZXR BAC with the telomerator,
we generated 51 linear chromosome structures that supported
viability. With the exception of effects on gene expression at
some positions (see below), the panel of permuted synIXR variants
displays surprisingly little variation in behavior, suggesting that the
relative placement of telomeres and centromeres in S. cerevisiae is
flexible. For instance, linearization at either YILOOIW or YIR00IC
produces telocentric versions of synIXR with only ~1 kb separating
the centromere from a telomere (Fig. 3); that these permutations
exhibit no apparent growth defect is consistent with previous work
suggesting telocentric chromosomes in budding yeast are mitoti-
cally stable (19, 29).

In several instances, either outright lethality or severe growth
defects were revealed upon linearization, at least in a SIR2*
background. We performed a variety of experiments to better
understand these exceptional cases. Our data suggest that the
slow growth or lethality associated with linearization in the cases
examined depends on expression changes of essential genes.
Moreover, all observed fitness defects were mediated by Sir2-
dependent telomeric silencing. In the three cases where lineari-
zation proved intolerable, an essential gene was repositioned
into a subtelomeric region such that its transcription occurred

o
2
N

inwards toward the centromere. Specifically, linearization 3’ of
YIR014W repositioned the start codon of the essential gene
YIROI5W 0.9 kb from a TeSS, and linearization 3’ of YIRO21IW
or YIR021C-B placed the start codon of the essential gene YIRO22W
0.9 kb and 2.1 kb from the TeSS, respectively. Interestingly,
linearization 3’ of either of these essential genes themselves,
which repositioned the YIR0I5W or YIR022W adjacent to a TeSS
but pointing toward it (either 1.1 or 1.3 kb from start to TeSS),
was not lethal. This observation suggests that transcriptional
elongation toward the telomere may sufficiently counteract the
inward spread of heterochromatin to allow production of enough
mRNA to support viability.

At one position, 3" of YIR021W-A, we were surprised to suc-
cessfully integrate the telomerator cassette into synIXR BAC.
Targeting the telomerator to this position should have disrupted
the promoter of the neighboring essential gene YIR022W, whose
start codon is just 6 bases downstream of the YIRO2IW-A stop
codon (Fig. S3). Although we generated Ura* transformants and
confirmed integration of the telomerator cassette 3’ of YIR021W-A
by PCR, over time the Ura™ phenotype could be lost; this result
was not observed in any other telomerator-integrated derivatives
of the synIXR BAC. This finding suggests the presence of two
copies of synIXR BAC, one in which the telomerator was inte-
grated and the other presumably required for expression of
YIR022W. Indeed, testing expression of essential genes and
genes required for fast growth postlinearization 3’ of YIR021W-A
revealed an ~twofold increase in expression of all genes except
YIR022W, whose expression is identical to the circular parental
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Fig. 6. Deletion of SIR2 rescues growth defects of synIXR BAC circular permutations. The SIR2 gene was deleted in the each of the 54 unique telomerator-
containing syn/XR BAC strains. Following transformation of the pGAL7-/-Scel construct and growth in galactose, linear permutations were isolated on Foa
medium. Shown here are 10-fold serial dilutions after 2 d growth on rich medium (YPD) at the indicated temperatures. Strains correspond to those shown
above in Fig. 4B.
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synIXR BAC (Fig. S3). These observations suggest duplication of
the synIXR molecule as a mechanism to compensate for reduced
expression of one or more genes. Although we did not see evi-
dence for duplication of linearized synIXR in any of the linear
derivatives examined by qPCR (i.e., pervasive ~twofold increase
in gene expression) (Fig. 54), in rare cases we were able to iso-
late Foa®/Ura™ isolates of synIXR linearized 3’ of YIRO2IW or
YIR020C-B, two of the positions at which linearization was le-
thal. We predict that duplication of the linearized synIXR de-
rivative underlies the growth phenotype in these rare events.

In principle, the telomerator technology can be extended to en-
gineering both native and artificial chromosomes in . cerevisiae and
other eukaryotic organisms. Although native eukaryotic chro-
mosomes are typically linear, instances of circular chromo-
somes have been reported. For example, in addition to syn/XR
BAC (11), S. cerevisiae chromosome II] can also exist in a ring
structure with no effect on fitness (28). These results suggest
that other native yeast chromosomes could easily be circularized,
for instance, by homologous recombination using a marker gene
flanked by the appropriate targeting sequences, thus providing
a template for telomerator-driven linearization at any position
of interest. Ring chromosomes have also been documented in
plants, insects, rodents, and humans, usually the result of fusion
of two broken chromosome ends and in human patients often
associated with severe pathologies or cancer (30-32). However,
rather than native chromosomes, we envision a major application
of the telomerator to be engineering of artificial chromosomes,
often constructed initially as circular molecules to take advan-
tage of facile cloning methods in both E. coli and S. cerevisiae.
Modifying gene expression of heterologous pathways in micro-
organisms is a major interest in the field of metabolic engineering,
and the telomerator could provide a new tool to facilitate this
goal. In addition to S. cerevisiae, the telomerator technology
should be readily expandable to other industrially relevant
yeast species (e.g., Pichia pastoris, high-level secreted protein
production; Ashbya gossypii, riboflavin production) and other
eukaryotic microbes such as algae. Applying the telomerator
to chromosome engineering in mammalian cells will be more
challenging because “regional” mammalian centromeres can
extend for hundreds of kilobases and include repetitive sequences.
Artificially generated human minichromosomes, existing as either
linear or circular constructs, have been described and they may
serve as a starting point for mammalian artificial chromosome
engineering (33-39). We ultimately envision such artificial chro-
mosomes as valuable platforms for gene targeting that will allow
delivery of large DNA sequences to recipient cells and provide
a means by which to investigate the incorporation of complex
segments of DNA encoding networks and pathways. The lineari-
zation function of the telomerator can be achieved with a variety
of homing endonucleases (40), CRISPR/Cas systems (41), zinc
finger nucleases (42), or TALENs (43) in addition to I-Scel
demonstrated here. To build plant artificial chromosomes,
endonuclease-dependent linearization of a circular plant artificial
chromosome encoding convergent telomere-like sequences has been
attempted in vitro before bombardment into maize immature em-
bryos (44); however, it is unclear whether the resulting mini-
chromosomes arose from telomere truncation (45). For in vivo
linearization, one important consideration is that the recognition
sequence of the enzyme must be sufficiently rare within the sequence
of the host genome (i.e., no or few existing sites) to work without
causing “collateral damage” in the rest of the genome. In this regard,
the I-Scel site is not present in yeast nuclear genome (46). A variety
of selectable/counterselectable markers could also be used.

Materials and Methods

Construction of the Telomerator. The TeSS-I-Scel-TeSS-I sequence was in-
troduced by one-step isothermal assembly (47) into the unique Xhol
site encoded centrally within the ACTT intron that had been previously
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transplanted into URA3 (15). Specifically, the TeSS-I-Scel recognition se-
quence-TeSS sequence (Fig. 1B) flanked by 40 bp corresponding to sequence on
either side of the Xhol site was ordered from IDT, Inc. (Coralville, I1A) as an
Ultramer. This sequence was exponentially amplified by using external primers
[Forward (For): ATCCCATTTAACTGTAAGAAGAATTGC3'; Reverse (Rev) GGAGAGT-
GAAAAATAGTAAAAAAAGGT). Expression of the URA3-intronACT1-TeSS-I-
Sce-I-TeSS-intronACT1-URA3 cassette was verified by functional comple-
mentation assay as described in the text (Fig. 1C).

Integration of Telomerator into synIXR BAC. Primers were designed to bind
upstream of the URA3 promoter (For: CCCGGGGGATCCGGTGATTG3) and
downstream of the URA3 terminator (Rev: CCAAAGCTGGAGCTCCACCG3) on
the telomerator construct. Fifty base pairs corresponding to either side of
each unique integration site was then appended to these two primers.
Standard PCR conditions were used to amplify the telomerator, which was
then transformed into a syn/XR BAC containing strain (yJS587; ref. 11). In-
tegration was confirmed with a location-specific primer in combination with
a primer internal to the URA3 promoter sequence.

Linearization of synIXR. The pGALT7-I-Scel sequence was subcloned from a
preexisting plasmid (48) into the yeast shuttle vector pRS413 (17) at the Sall
recognition site. This construct was transformed into strains to be linearized
and selected on synthetic complete medium lacking histidine (SC-His).
Linearization was induced in liquid culture in synthetic medium lacking
histidine with 2% galactose for 24 h. Strains were then transferred onto
synthetic complete solid medium supplemented with Foa and extra uracil.
Each strain was subjected to a single round of colony purification on YPD
medium, and single isolates that had lost the pGAL7-/-Sce-I construct, con-
firmed by replica-plating on SC-His, were selected for further analysis. Cir-
cular versus linear status of synIXR was tested by PCR using the primers
originally designed to amplify the TeSS—I-Sce-l recognition sequence-TeSS
ultramer (Fig. S1A).

Pulsed Field Gel Electrophoresis. Full-length yeast chromosomes were pre-
pared in agarose plugs as described (49). Chromosomes were separated by
clamped homogeneous electric field (CHEF) gel electrophoresis by using the
CHEF-DR Il Pulsed Field Electrophoresis Systems (Bio-Rad) with the following
settings: 6 V/cm, switch time 60-120 s over 24 h, 14 °C, 0.5x Tris-borate-EDTA
buffer, and 1% gel prepared with low melting point agarose (Lonza, 50100).
Gels were stained with 5 pg/mL ethidium bromide in water postelectro-
phoresis, destained in water, and then imaged.

Dot Assays. Strains were inoculated into 150 uL of appropriate medium in
sterile 96-well plates and incubated overnight at 30 °C. Ten-fold serial
dilutions were carried out in water, and the dilutions corresponding to 1072
to 107° spotted on the appropriate agar plates. For strain carrying the
YIRO15W construct or corresponding empty vector, YPD medium was sup-
plemented with 200 pg/mL G418. Incubations were carried out at 30 °C or
37 °Cfor 2 or 3 d.

Gene Expression. Eleven linearly permuted strains of synIXR BAC (linearized
3’ of YIR011C-YIR020C) plus two control strains [the parental wild-type strain
to synIXR BAC, BY4741, and synIXR BAC (yJS587) without integration of the
telomerator cassette] were grown overnight at 30 °Cin 5-mL YPD culture. RNA
was prepared from 250 pL of culture by using the RNeasy Minikit (Qiagen;
74106) as per the manufacturer’s instructions. In brief, cells were lysed enzy-
matically, and eluted RNA was treated with DNase (Qiagen; 79254) in solution
before passage over a second column and elution in 30 pL of water. Complete
digestion of gDNA was confirmed in a control gPCR experiment lacking re-
verse transcriptase by using 100 ng of prepared RNA and two different primer
pairs corresponding to the reference genes (UBC6 and TAF10; ref. 50). Primers
were designed by using the PrimeQuest Design tool on the IDT website and
are listed in Table S1. Primers were selected to anneal outside PCRTag
sequences (10, 11) and, thus, amplify both synthetic and native DNA. cDNA
was prepared from ~5 pg of RNA by using SuperScript Il Reverse Transcriptase
(Invitrogen; 18080044) as per the manufacturer’s instructions. gPCR reactions
were carried out in a final volume of 4 pL by using SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad; 172-5272). Each reaction included 75 nL of
cDNA and 50 nL of forward/reverse primers mix (50 uM each) introduced into
each well of a Hard-Shell Thin-Wall 384-Well Skirted PCR Plate (Bio-Rad; HSP-
3905) by using the Echo (LabCyte). Gene expression analysis was performed by
using the CFX Software Manager (Bio-Rad). This experiment was performed in
two batches with independently grown control strains (syn/IXR BAC and
BY4741). For the first batch (linearized 3’ of YIRO11C, YIRO12W, YIR013C,
YIRO15W, YIRO16W), gPCR was performed on technical quadruplicates and
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data analyzed by using a single reference gene (UBC6). For the second batch
(linearized 3’ of YIRO17W-A, YIRO17C, YIRO18W, YIRO18C-A, YIR019C,
YIR020C), qPCR was performed on technical duplicates and two reference
genes (TAF10 and UBC6) were used for data analysis.

Cloning YIRO15W. Y/RO15W was amplified from syn/XR BAC gDNA by using
primers designed to anneal ~500 bp upstream and ~200 bp downstream of
the start and stop codon, respectively. Further, to each primer was appended
~30 bases of sequence corresponding to the terminal ends of an EcoRI/
BamHI digested, modified version of a pRS CEN vector (17) encoding re-
sistance to G418 (pLM200). The primers sequences are as follows (underlined
portion anneals to yeast gDNA); Forward: cctcgaggtcgacggtatcgataagcttgat-
atcggggaatttacttgtccggtacce; Reverse: gctccaccgcggtggeggecgctctagaactagt-
gggcaagacggaatcctacattacc. The final construct was built by using one-step
isothermal assembly (47) and a single digestion-verified construct selected
for transformation into yeast.

SIR2 Gene Deletion. The sir2AkanMX locus was amplified from the deletion
mutant collection strain (51) by using primers ~500 bp flanking the gene
deletion and subsequently transformed into the array of permutable strains
by selection on YPD supplemented with 200 pg/mL geneticin. SIR2 gene
deletion was confirmed functionally by testing for the loss of mating.
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Recircularization. Six linear permutation strains (linearized 3’ of YIR029W,
YIR030C, YIRO30W-A, YIR031C, YIR032C, and YIR034C) were inoculated into
5 mL of YPD medium and incubated with rotation for 24 h at 30 °C. Cells
from 1 mL of each culture (~2 x 10”) were collected by centrifugation,
washed once with water, and spread onto synthetic medium lacking uracil
(SC-Ura) plates. After 5 d of incubation at 30 °C, four Ura* colonies from the
YIR029WV plate, two colonies from the Y/R031C plate, and two colonies from
the YIR034C plate were restreaked for single colonies on SC-Ura medium.
Genomic DNA was prepared from a single colony growing for each of the
eight Ura® strains and primers designed to anneal within URA3, upstream
and downstream of the ACTT intron (For: AGCGGTTTGAAGCAGGCGG; Rev:
CCAGTAGATAGGGAGCCCTTGC), were used to amplify the across the intron
with a high fidelity polymerase (Phusion; NEB). Amplicons were subcloned
by using the Zero Blunt TOPO PCR cloning Kit (Life Technologies; 45-0245),
transformed into E. coli, and inserts were sequenced with M13F and M13R.
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