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Abstract
A large number of genetic studies in yeast rely on the use of expression vectors. To
facilitate the experimental approach of these studies, several collections of expression
vectors have been generated (YXplac, pRS series, etc.). Subsequently, these collections
have been expanded by adding more diversity to many of the plasmid features, including
new selection markers and new promoter sequences. However, the ever growing number of
plasmid feature makes it unrealistic for research labs to maintain an up-to-date collection of
plasmids.. Here, we developed the COSPLAY toolbox: a Golden Gate approach based on
the scheme of a simple modular plasmid that recapitulates and completes all the properties
of the pRS plasmids. The COSPLAY toolbox contains a basal collection of individual
functional modules. Moreover we standardized a simple and rapid, software-assisted
protocol which facilitates the addition of new personalized modules. Finally, our toolbox
includes the possibility to select a genomic target location and to perform a single copy
integration of the expression vector.

Introduction

Over the last decade, the explosion of genome-wide analyses, as well as the rise of
synthetic/systems biology has profoundly transformed the methodology used to study model
organisms (Giaever and Nislow, 2014). Yeast has been a pioneering model in these
emerging fields thanks to the versatility and the ease to perform genetic manipulations. High
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recombination rates, fast generation and crossing times are crucial features that allowed to
create large collections of tagged and deleted strains (Howson et al., 2005; Huh et al., 2003;
Winzeler et al., 1999) which proved to be very useful for systematic functional studies
(Giaever et al., 2002; Hillenmeyer et al., 2008).
Whereas large strain collections are built using single-step PCR-based gene
replacement techniques, the vast majority of classical genetic studies in yeast rely on the
use of expression vectors, such as the YXplac (Gietz and Sugino, 1988) and pRS
(Brachmann et al., 1998) plasmid series, which are based on pUC19 and pBluescript
backbones, respectively. These vectors feature a number of unique cloning sites and
commonly used auxotrophy selection cassettes (HIS3, LEU2, TRP1, URA3, ADE2 in the
pRS system), which make them convenient for genetic manipulations of standard lab strains.
There are three types of such plasmids with different replication properties: integrating
(stable chromosomal integration), centromeric (episomal low-copy plasmid), and 2 microns
(high copy episomal plasmid) (Brachmann et al, 1998).
Since the first release of the pRS series, several improvements were brought to these
expression vectors: first, the development of antibiotic resistance markers, such as the
KanMX module conferring resistance to Geneticin (G418) (Brachmann et al., 1998; Wach et
al., 1994), expands its versatility of use as no auxotrophic mutation is required in the
targeted strain. Second, a set of pRS-based plasmids containing standard controllable
promoter sequences (GAL1, MET25) were constructed to standardize the means to
ectopically drive the expression of a gene of interest in a controlled manner (Mumberg et al.,
1994). This collection was later expanded to fine tune expression level in a synthetic biology
context, by making the constitutive promoting sequences of the following genes available:
TEF1, ADH1, TDH3, CYC1 (Buchler and Cross, 2009). Next, an updated version of the pRS
series, called pRSII, was reported, which substantially increases the number of available
selection markers (auxotrophic: HIS2 and ADE1; antibiotic: phleomycin, hygromycin B,
nourseothricin, and bialaphos) (Chee and Haase, 2012).
Therefore, there are now a large number of potential combinations of plasmid
features for ectopic gene expression. This ever growing number makes it unrealistic for
research labs to maintain an up-to-date collection of plasmids. Yet, the complexity of today’s
genetic studies, in which more than eight mutations or tags are routinely used within a strain
(Lu and Cross, 2010), strongly pleads for a flexible expression system in which plasmid type
(integrating, centromeric, etc..), selection marker, and gene promoters could be selected in a
systematic and modular manner.
Since the late 1990s, several fast cloning strategies have been developed to ensure
a quick and reliable assembly of DNA fragments within a destination vector. The first system
released is known as the Gateway vector system (available from Life Technology), which
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uses a proprietary recombination scheme to assemble up to 4 inserts into a destination
vector following a 3-step procedure (Hartley et al., 2000). Interestingly, specific Gateway
destination vectors with widely used selection cassettes, tags and promoters have been built
for budding yeast (commercially available on addgene.com) (Alberti et al., 2007). However, a
major drawback is that Gateway is a patented system which is not open to modifications,
and may involve expensive running costs. In addition, due to the large number of inserts
available in yeast, it is still necessary to purchase a large collection of plasmids (288
plasmids) in order to avoid multiple sub-cloning steps, since combinatorial shuffling of inserts
in one step is not possible.
As an alternative to Gateway, the BioBrick cloning format was developed as an opensource system intended to normalize plasmid construction for synthetic biology. It uses a
DNA editing technique based on 4 restriction enzymes to iteratively assemble inserts in a
standardized manner (Shetty et al., 2008). However, there are as many steps in the
assembly process as the number of fragments to integrate in the ultimate destination vector.
Therefore, swapping a single insert from a complex destination plasmid requires starting the
assembly process from scratch.
To overcome these limitations, a novel strategy based on the exonuclease activity of
polymerase (or using a dedicated exonuclease) was used to generate sticky ends in the
destination vector as well as in the insert to be integrated. These methods, known as SLIC
(Li and Elledge, 2007) or Gibson assembly (Gibson, 2009; Li and Elledge, 2007) provide a
powerful way to assemble multiple DNA fragments within one destination vector in a single
step, and have been followed by others that used a different implementation with a similar
outcome (Quan and Tian, 2009; Zhang et al., 2012). Yet, in common to all these techniques,
the assembly process relies on the annealing of several sequence-dependent single strands
DNA pieces, thus making the assembly efficiency somewhat variable.
Another strategy developed recently is the Golden Gate system, which is based on
the use of a type IIS restriction enzyme (such as BsaI) that cuts outside of its recognition
sequence (Engler et al., 2008, 2009). Using an appropriate design of flanking sequences of
the DNA fragments to be integrated, one can assemble a virtually unlimited number of
modules in the right order within one reaction step. This technique has been further
developed to allow large-scale construction of multigenic vectors using a multi-level
assembly scheme (Sarrion-Perdigones et al., 2011; Weber et al., 2011).
The Golden Gate system has recently been adapted to yeast (Lee et al., 2015) with
the generation of a collection of modules (i.e plasmid type, selection markers, promoters,
etc…) that can be assembled in different combinations to produce expression vectors (up to
11 modules) as well as complex multi-gene assemblies for synthetic biology approaches.
Here, we report the development of a simpler alternative plasmid architecture based on the
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Golden Gate system that allows both efficient assembly of individual modules into a
destination expression vector and rapid generation of new custom modules using the
MEGAWHOP technique. The resulting COSPLAY (COmbinatorial Swift PLasmid Assembly
in Yeast) toolbox includes a collection of 26 modules that can be integrated into 6-module
expression vectors that recapitulates and completes the properties of the pRS plasmid
series. We have paid particular attention to make this toolbox straightforward to use and to
expand it by developing custom Matlab software that automates the design of the tailed
primers used to generate individual modules. In addition, unlike standard yeast integrating
plasmids, our toolbox is designed to offer the possibility to ensure single copy integration of
the expression vector to a target locus in the genome, independently of auxotrophic markers.
The COSPLAY toolbox is available on Addgene as a package of 27 plasmids (URL link to be
added) and the software can be download from github : https://github.com/gcharvin/cosplay.

Results

COSPLAY, a toolbox for rapid generation of yeast expression vectors

The object of the COSPLAY toolbox is to provide the possibility of easily, quickly and
efficiently generate new expression vectors containing different combinations of functional
elements or modules. Each of these modules can be selected from a collection of ready-touse plasmids, or can be easily generated from cDNA, as described below. The organization
of a yeast expression vector generated with the COSPLAY toolbox is based on six functional
modules assembled in a specific order into a destination vector (pUC57; Figure 1A). Each
position is committed to a specific role. The first (Figure 1) determines the mode of plasmid
replication (i.e. integrating, centromeric, high copy (2 microns), or targeted to a specific locus
in the genome). The second contains a promoter driving the expression of a cDNA located in
the third position. If the cDNA lacks a stop codon, it can be fused to the subsequent module
(Position 4), which could be either a fluorescent protein or a degron to decrease the stability
of the resulting protein. The fifth position consist of a transcriptional terminator sequence
followed by a selection marker (Position 6) used upon yeast transformation.
The COSPLAY toolbox uses the Golden Gate cloning technology (Engler et al., 2008,
2009), which relies in the usage of Type IIS restriction enzymes (i.e. BsaI, BpiI, etc.). These
enzymes cleave outside of their recognition site (Figure 1B), leaving a 4 bp 3' overhang that
can be manipulated to generate DNA ends (Figure 1B), which will dictate the compatibility
between individual DNA fragments and the cloning order and orientation (Figure 1C). In
addition, by placing the recognition sites at each extremity of the DNA fragment of interest
(in opposing orientations), the restriction sites are lost upon ligation. Thus allowing to

bioRxiv preprint doi: https://doi.org/10.1101/630277; this version posted May 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

simultaneously carry out the restriction digestion and ligation reactions in a single tube
(Figure 1C). The destination vector (pDV) has been engineered to contain a chloramphenicol
resistance (CmR) and carries only 2 BsaI restriction sites (compatible with the module
library) and flanking a LacZ cassette and located upstream of an SV40 polyA sequence
(Figure 1C). This cassette is lost upon successful assembly of individual modules into the
destination vector and allows performing a Blue/White screening to increase the cloning
efficiency. The product of the restriction/ligation reaction is transformed into E. coli and
grown on CmR plates. Since the destination vector and the backbone vector for the

module library contain different antibiotic selection markers (Table 1), one can easily
select only for the destination vector only. Individual white colonies are grown in liquid
culture, plasmid DNA is prepared and vector integrity is verified by restriction digest using
appropriate restriction enzymes and sent for sequencing. With the COSPLAY toolbox, any
given construct can be assembled in 4 days with 100 % cloning efficiency (see cloning note
on methods section).
Combinatorial generation of a large number of expression vectors from a small
collection of modules

We have generated a library of modules, cloned in specific positions that are readily
available in the COSPLAY toolbox and which correspond to widely used sequences for
yeast genetic engineering (Table 1).
Regarding position 1 (plasmid type) , we have built modules that contain either a 2µ
plasmid replication sequence (high copy number), a CEN-ARS sequence for transient
extrachromosomal expression, or a nonfunctional short linker sequence to generate an
integrating plasmid (in this case, homologous recombination leading to chromosomal
integration is obtained by linearizing the plasmid within the selection marker). In position 2,
we have generated widely used inducible or constitutive promoters, such as GAL1p,
MET25p, ACT1p, CYC1p, TEF1p, ADH1p and TDH3p. Since classical expression vectors
(pRS, pRSII,.. ) are often used to make fluorescent transcriptional reporters, we have
generated modules in position 3 containing fluorescent proteins (i.e. superfolder GFP
(sfGFP), mCherry, Venus). These sequences lack a stop codon and can thus be
destabilized by adding a CLN2-pest degron cloned in position 4 or not, if a stop codon is
cloned in position 4. Furthermore, to enable the fusion of a C-terminal fluorescent tag to a
protein of interest, we have generated additional modules in position 4 encoding sfGFP and
mCherry (bearing a STOP codon). We have generated a module in position 3 carrying a
nuclear localization signal (NLS) sequence based on three repeated sequences from the
SV40 virus, in order to allow the expression of nuclear fluorescent reporters (when cloned

bioRxiv preprint doi: https://doi.org/10.1101/630277; this version posted May 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

with sfGFP or mCherry in position 4). In position 5, we have cloned a single module which
carries the ADH1 transcriptional terminator. Finally, position 6 provides a large choice of
universal yeast selection markers such as auxotrophy genes (i.e. TRP1, URA3, HIS3, LEU2)
as well as drug resistance cassettes (i.e. KanMX, NatMX).
All modules (Figure 1A and Table1), in all positions, are compatible with each other
within the framework of an expression vector containing 6 elements (Figure 1). Therefore,
despite the relatively small collection of functional modules, the COSPLAY toolbox offers

extreme flexibility in the assembly of different expression vectors.
An efficient cloning method to generate new modules

In addition to the modules available in the COSPLAY library it is possible to easily
generate new modules to meet user-specific needs (e.g. a specific cDNA, promoter,
fluorescent protein, etc.) . To this end, we have standardised a cloning-free two-step PCR
process (Miyazaki, 2011) whereby the sequence of interest is amplified by PCR using
appropriate primers containing bsaI sites with appropriate overhangs and 25 bp of the
pUC57 multiple cloning site (Figure 2A). The PCR product of this first reaction is then used
as a mega-primer to amplify the pUC57 destination vector , leading to the direct integration
of the target sequence into pUC57 (Figure 2A). The pUC57 plasmid contains a LacZ
cassette, which is rendered nonfunctional when a DNA sequence is cloned in its multiple
cloning site, thus allowing Blue/White screening after transformation in E. coli (Figure 2C).
In order to facilitate primer design to generate new modules, we have developed a
custom program with a graphical user interface in Matlab (Figure 2B) that provides
assistance in this process: the user either enters the sequence of primers homologous to the
sequence to be integrated in the module or the complete sequence of the module. For each
module position (1 to 6), the program adds the primer tails and runs a battery of tests to
evaluate the quality of the primers. In addition, the program identifies potentially conflicting
BsaI restriction sites in the module sequence and proposes strategies to mutate them
through fusion PCR. A comprehensive documentation of the program is provided as
supplementary material, and the program can be downloaded from GitHub:
https://github.com/gcharvin/cosplay.

Generation of transcriptional reporters as an application of the COSPLAY toolbox

As a proof-of-principle we generated transcriptional reporter plasmids for the Gal1
and Cyc1 promoters using mCherry and sfGFP fluorescent proteins, respectively (Figure 3A
and 3B). For the galactose-inducible promoter (Gal1p), cells were grown in SD medium
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supplemented with 2% dextrose, then transferred to a SD medium supplemented with 2%
Raffinose and 1.5% Galactose before observation under the microscope for fluorescent
protein expression. As expected, when the SV40 nuclear localization sequence was cloned
in position 3, fluorescent signal was entirely nuclear (constitutively expressed with ACT1pFigure 3C and 3D).

Single copy integration of plasmids using the COSPLAY toolbox

Quantitative studies in which ectopic gene expression is used require a precise
control of plasmid copy number. Unlike centromeric and multicopy 2µ plasmid, integrative
plasmids guarantee a stable expression over time. However, multiple integration events
leading to variations in plasmid copy number across selected clones are not uncommon
(Wosika et al., 2016). This is due to the fact that the integration site is replicated following
the first homologous recombination, hence enabling subsequent integrations (Figure S1).
Accordingly, it has been shown that the standard integrative plasmids pRS have a strong
tendency to integrate multiple times at the same genomic locus while the single integration
represents only 12.5% (when transformed with 1.5 µg of linearized plasmid) (Wosika et al.
2016). Therefore, the number of integrated clones must be assessed quantitatively either by
directly scoring integration events (e.g. using southern blot) or by measuring the expression
level of the gene of interest (e.g. using QPCR, western blot, cytometry, etc..).
To overcome this limitation, we developed a module in position 1 that ensures a
single copy integration of the expression vector to a specific target region in the genome .
This module is based on two inverted sequences (separated by the rare AscI and FseI
restriction sites) which are homologous to a small genomic region (see Figure 4A and
Methods). To facilitate module variant design, we have added an option in the software that
takes this additional constraint into account for the generation of primers.
After AscI-driven linearization (or FseI if AscI is present in the inverted sequences),
an assembled plasmid containing this module can be integrated at the homologous genomic
locus of interest (Figure 4B) . Subsequent plasmid integration is still possible, yet such event
will only replace the already integrated plasmid copy (see Figure S1). Thus, only a single
copy of a plasmid containing this particular modules should be inserted in the genome,
unlike the chromosomal integration at the locus of an auxotrophic marker. Indeed, the
fraction of single integration events has already been estimated to be close to 98% (Wosika
et al,. 2016).
To check the validity of this approach, we have selected a target integration locus
that fulfills the following criteria : 1) it must be far from telomeric and centromeric regions; 2)
it must be in an ORF-free region of at least 1000 bp, flanked by ORFs that do not share the
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same regulation nor function. 3) It must be in a region of at least 200 bp devoid of protein
binding sites and non coding RNA sequences. We found such loci in chromosome VI
(position 260998 to 261148) and in chromosome IX (position 301997 to 302147). We have
built the corresponding modules in position 1 using appropriate primer pairs as described
above . Next, we have generated plasmids that contain these sequences, as well as a
sfGFP transcriptional reporter of the Gal1 promoter and a Ura3 selection marker. These
plasmids were linearized using either AscI (to target the specific loci on chromosome VI or
IX) or EcoRV (to target the Ura3 locus), and all linearized plasmids were independently
transformed in yeast (Figure 5A).
To assess the number of plasmid copies respectively integrated at the chromosome
VI, IX or at the Ura3 locus, we measured the protein expression level of more than 100
randomly selected clones of each type by flow cytometry (Figure 5B). As expected,
recombinant clones exhibited a ~100-fold higher fluorescence level than the negative control
(Figure 5B). Therefore, we quantified the fraction of recombinant clones for both Ura3 and
integrations targeted to specific chromosomal loci (Figure 5C) and we calculated the median
fluorescence level of each clone (Figure 5D). As expected, standard integration based on
linearization within the Ura3 auxotrophic marker occasionally lead to multiple integrations
(Figure 5D) . In contrast, targeting specific loci on Chromosome VI or IX lead to single copy
integrations (Figure 5D). Therefore, these results indicate that designing a custom module in
position 1 targeting a specific chromosomal locus provides a straightforward way to ensure a
single-copy integration.

Discussion
In this study, we have developed a new toolbox called COSPLAY that provides fast
and easy access to a high number of plasmid variants by handling the combinatorial part of
the expression vector design. Our toolbox is based on a ready-to-use collection of individual
functional modules and a one-step protocol to rapidly assemble a combination of modules
into a functional expression vector. Each module can be assembled with any of the others
modules leading to a large number of potential expression vectors.
A particular feature of the COSPLAY toolbox is that the collection of modules can be
easily expanded using the MEGAWHOP protocol (Miyazaki, 2011). Here, specific
sequences of interest (promoters, cDNAs, fluorescent reporters, epitope tags, etc.) are
seamlessly cloned by PCR , thus producing the possibility to expand the flexibility of the
COSPLAY toolbox at will. To streamline this process, we have developed a standardized
protocol that, combined with our primers design software, makes the generation of new
modules very straightforward. One limitation to keep in mind for module design is the
hypothetical presence of BsaI restriction sites in the specific sequence of interest. In this
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case, the sites have to be muted and our software has been designed to assist users in this
process.
While other combinatorial strategies for plasmid generation based on the Golden
Gate system already exist for yeast (Lee et al,. 2015), we made the choice to develop a
toolbox that is simpler, that yet recapitulates all the features of the pRSII series plasmids.
Indeed, our toolbox is built on an expression vector scheme containing only 6 module types
(versus 8-11 for alternative strategies). Moreover, we decided to use only one type IIS
restriction enzyme (BsaI) for expression vector assembly. This further simplifies the toolbox
since a smaller number of modules needs to be assembled, and there are less constraints
regarding the presence of specific restriction sites in the module sequence.
The COSPLAY toolbox also allows for single integration using a single module that
can be easily designed with our software, instead of the 3 modules required in alternative
methods (Lee et al,. 2015).

To conclude, the COSPLAY toolbox is extremely flexible and efficient, simple of use,
easily expandable and complementary to alternative Golden Gate cloning-based systems for
yeast genetic editing.

Material and methods
Yeast strains and media
All strains were congenic to BY4742 (Winston et al., 1995; Brachmann et al., 1998)
or MMY116-2C.
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MA

Name

T

Background

Genotype

Origin
Euroscarf

BY4742

α

S288C

his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0

MMY116-2C

α

W303

leu2-3; trp1-1; ura3-1; his3-11; ADE2

YAP43

α

W303

YAP172-TRP9

α

W303

YAP194

α

S288C

YAP197

α

S288C

leu2-3; trp1-1; ura3-1; his3-11 GAL1pmCherry::TRP1
leu2-3; trp1-1; ura3-1; his3-11
CYC1p-sfGFP::TRP1
his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0 ACT1pNLS-mCherry-URA3::targetVI;
his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0 ACT1pNLS-mCherry-NatMX::targetVI;

Mary
Miller
This study

This study

This study

This study

The strains YAP194 and YAP197 were obtained by single integrations of reporter
cassettes at a locus situated in chromosome VI (position 260998 to 261148).
Yeast cultures were grown in standard YPD medium (1% yeast extract, 2% peptone,
2% dextrose) or in minimal SD medium (0.67% Nitrogen base, 2% dextrose or galactose,
amino acid mixture). Prototrophic transformants were selected for by plating on synthetic
complete dropout plates (0.67% yeast nitrogen base, 2% dextrose, 2% agar) lacking the
appropriate amino acid or nucleobase. Drug resistance transformants were selected on drug
supplemented YPD plates.
To induce GAL1 promoter, cells were initially grown in SD medium containing 2%
dextrose and then switched to SD medium containing 2% Raffinose and 1.5% Galactose.

Module library construction
To generate individual modules we amplified the specific DNA sequence of interest
by PCR using primers (Supplementary Figure 2) that contain 25 bp of the multiple cloning
site (MCS) of pUC57 followed by the BsaI restriction site, a specific 4 bp overhang (Figure 1
and table below), which determines the cloning position. These sequence is in turn followed
by 15-25 bp of the target sequence of interest (Supplementary Figure 2). PCR conditions:
98°C

Position

Forward BsaI site

Reverse BsaI site

bioRxiv preprint doi: https://doi.org/10.1101/630277; this version posted May 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

1

5’GGTCTC G ATCC 3’

5’GGTCTC T CATA 3’

2

5’GGTCTC G TATG 3’

5’GGTCTC T GTTC 3’

3

5’GGTCTC G GAAC 3’

5’GGTCTC T TGCG 3’

4

5’GGTCTC G CGCA 3’

5’GGTCTC T CCTG 3’

5

5’GGTCTC G CAGG 3’

5’GGTCTC T TGCT 3’

6

5’GGTCTC G AGCA 3’

5’GGTCTC T ATGG 3’

PCR products were amplified by PCR using the Q5 (NEB®) high-fidelity polymerase
following standard conditions. The product of this first PCR was then used as a megaprimer
to insert the target sequence into the pUC-57 destination vector through a second, PCR . To
do this, 0.5 µl of the first PCR product are mixed with 50 ng of pUC-57 plasmid and a second
PCR is carried out in a 25 µl reaction with the following conditions: 98°C (30 s) / 30 cycles -

98°C (10 s), 68°C (30 s), 72°C (30 s/kb) / 72° C 2 min. The second PCR product is
digested by the addition of 1 µl DpnI-FD (ThermoFisher®) for 1 hour at 37° C to destroy the
methylated pUC-57 template plasmid. After digestion, 10 µl of this reaction are transformed
into DH-5 α or TOP10 bacterial strains and plated on LB plates supplemented with Ampicillin
and X-Gal for Blue/White screening. If repetitive sequences are to be cloned, the usage of
the Stbl4 (Invitrogen) bacterial strain is recommended.
Note, for primer design it is mandatory to check whether the target sequence of
interest contains BsaI sites. If so, these have to be mutated by PCR.
Note, all individual modules were tested functionally by assembling expression
vectors followed by transformation in yeast (data not shown).

Expression vector assembly
A combination of 6 modules was assembled into a destination vector (modified
version of pUC-57 that does not contain BsaI sites and carries a Chloramphenicol resistance
cassette instead of Ampicillin) by an all-in-one reaction of digestion/ligation.
The 6 selected plasmid modules are mixed together with the destination vector (pDV)
and digested/ligated simultaneously in a 20 µl reaction. All plasmids should be at 40 fmol/µl.
To prepare the corresponding plasmid dilution, use the following formula: [DNA in fmol/µl] =
([ng/µl DNA] x 1520)/Plasmid size (in bp). Reaction conditions: 1X NEB® Buffer 4, 1mM
ATP, 20U BsaI-HF (NEB®), 400U T4 DNA ligase (NEB®) and H20 qsp 20µl. PCR program:
3 cycles - 37°C (10 min), 20° (10 min) / 20°C (50 min) / 50°C (20 min) / 80°C (20 min).
10 µl of this reaction are transformed into E. coli and plated on LB plates supplemented with
Chloramphenicol and X-Gal for Blue/White screening.
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Yeast transformation
Yeast were transformed using methods involving lithium acetate, polyethylene glycol,
denatured herring sperm DNA and sorbitol (Gietz and Schiestl, 2007; Gietz and Woods,
2001). Transformants were selected by spinning down yeast cells after a heat shock and
resuspending them in sterile water before plating on the appropriate dropout or drugselection medium. For drug selection, the yeast were resuspended in YPD and allowed to
recover before plating.
Microscope imaging
Cells were imaged using an inverted microscope (Zeiss Axio Observer Z1, or Nikon
Tie). Wide-field epifluorescence illumination was achieved using an LED light source
(precisExcite, CoolLed), and light was collected using a 100× N.A. 1.4 objective and an EMCCD Luca-R camera (Andor).

Fluorescence quantification by flow cytometry
Cells were grown in SD media until 0.5 OD and then analyzed by flow cytometry
using FACS Celesta (BD Biosciences, San Jose, CA). Cytometry data analysis was
performed using custom Matlab 2017b scripts.
COSPLAY primers design software
The COSPLAY primers design software was developed in MatLab 2017b to simplify
and to automate the addition of new custom modules to the COSPLAY modules collection.
The software can be downloaded from github: https://github.com/gcharvin/cosplay (as a
Matlab application).

The main functions of the COSPLAY software are:
1) Automated design of optimized primers for amplifying a specific target
sequence. Several criteria (Primer Tm, length, self complementarity, 3’
complementarity, matrix complementarity, 3’ matrix complementarity, GC %,
GC clamps, 3’ stability, 3’ GC%, primers pair Tm difference, cross
complementarity, cross 3’ complementarity) are used for this optimisation.
The basic rules of optimisation are similar to those of the Primer3 software
(Rozen and Skaletsky, 2000).
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2) Addition of pUC57 MCS sequences, BsaI sites and specific overhangs
depending on cloning position.Detection of BsaI sites in the target sequence
and replacement with silent substitutions whenever it is possible (or
suggestion of alternative strategies to discard the sites).
3) Estimation of the best PCR temperature conditions. The Tm of the primers is
calculated using an accurate thermodynamic approach (SantaLucia, 1998).
This Tm is optimised for Q5 polymerase which is recommended to use in our
protocol (if standard Taq polymerase is used, the Tm has to be lowered by
7°C). The effect of the buffer salt concentration is also calculated (Owczarzy
et al., 2004). In case there are some nucleotides substitutions the mismatch
effect on the Tm is also precisely estimated (Allawi and SantaLucia, 1997,
1998a, 1998b, 1998c, 1998d; Peyret et al., 1999).
4) Display of a full report about the quality of the primers pair when the entire
tailed primers are automatically designed from a user-defined template or
indication of potential quality problems when only tails are added to userdefined primers.

See additional COSPLAY software user guide as a supplementary text.

Figure Legends
Figure 1 - Plasmid architecture in the COSPLAY toolbox
A) Schematic representation of an expression vector assembled by COSPLAY composed of
6 independent modules. Each module represents a different type of sequence as indicated
on the legend. B) Restriction site of the BsaI endonuclease and specific overhangs used; C)
Principle of COSPLAY expression vector assembly. A destination vector (pDV) is mixed with
6 plasmids containing compatible module in a single tube. Expression vector is assembled
through simultaneous digestion/ligation in the presence of BsaI and T4 DNA ligase. Specific
overhangs that ensure that individual modules are assembled in the right order and
orientation are indicated in pink.
Figure 2 - PCR-mediated generation of custom-made modules
A) Sketch showing the primer design and the two PCR steps required to clone a specific
module (See supplementary Figure 2 for details on primer design); B) Snapshot of the
Matlab graphical-user interface used to automate the design of primer tails required for the
generation of module variants.
Figure 3 - Proof-of-principle of the COSPLAY toolbox
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Top panels: Maps of the different expression vectors generated by COSPLAY; Bottom
panels: phase contrast and fluorescence images of cells transformed with the indicated
plasmids.

Figure 4 - Principle of integration to a target chromosomal locus
A) A given locus is represented with its 5’ (green) and 3’ (yellow) domains. Primers are
designed so that the two sequences are placed in reverse order (3’ region upstream of 5’),
and AscI and Fse1 restriction sites are added in between these regions; B) The module
carrying-plasmid and the final assembled vector are generated according to the standard
procedure described in the text; C) Following AscI (or alternatively, FseI) digestion, the
linearized plasmid is integrated at the target locus.
Figure 5 - Single copy chromosomal integration
A) A sample plasmid containing the indicated modules is linearized by cutting either within
the target locus (using AscI, see Figure 4 and corresponding text) or within the auxotrophic
marker to compare the number of copy integrated at each locus. B) Flow cytometry analysis
of GFP expression on yeast transformed with URA3, ChRVI or ChrIX-integrating plasmids.
Each colored line represents the distribution of fluorescence obtained with a given clone.
The black line represents the control. C) Fraction of positive clones (i.e. selected clones with
a fluorescence higher than background) for strain transformed at the Ura3 versus a specific
target locus integration; D) Distribution of median fluorescence of the positive clones
(reported in C) selected after transformation at the Ura3 versus the specific target loci
(ChrVI-260998 or ChrIX-301997); In the case of Ura3 (top plot), the histogram shows distinct
peaks corresponding to 1- and 2-copy plasmid integrations as well as a higher number of
integration; For the specific target loci (bottom plot), only the 1-copy peak is present.

Supplementary Figure Legends
Supplementary Figure 1 - Principle of multi-copy versus single-copy chromosomal
integration
Left: Chromosomal integration scheme after cutting the plasmid within a sequence
homologous to a chromosomal region. Integration through homologous recombination
duplicates the number of homologous regions that are available for further plasmid
integration. Right: If homology regions are inverted on the plasmid, homologous
recombination occurs in a way that preserve the number of homologous regions. In this
case, further plasmid integration can only replace an existing insertion.

Acknowledgments
We thank Maxime Diem and Vincent Hisler for contributions to this project during their stay
in the lab as undergraduate interns. This work was supported by the ATIP-Avenir program
(G.C.), and by grant ANR-10-LABX-0030-INRT, a French State fund managed by the

bioRxiv preprint doi: https://doi.org/10.1101/630277; this version posted May 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Agence Nationale de la Recherche under the frame program Investissements d'Avenir ANR10-IDEX-0002-02.

References
Alberti, S., Gitler, A.D., and Lindquist, S. (2007). A suite of Gateway cloning vectors for highthroughput genetic analysis in Saccharomyces cerevisiae. Yeast 24, 913–919.
Allawi, H.T., and SantaLucia, J. (1997). Thermodynamics and NMR of Internal G·T
Mismatches in DNA. Biochemistry 36, 10581–10594.
Allawi, H.T., and SantaLucia, J., Jr (1998a). Nearest-neighbor thermodynamics of internal
A.C mismatches in DNA: sequence dependence and pH effects. Biochemistry 37, 9435–
9444.
Allawi, H.T., and SantaLucia, J., Jr (1998b). NMR solution structure of a DNA dodecamer
containing single G.T mismatches. Nucleic Acids Res. 26, 4925–4934.
Allawi, H.T., and SantaLucia, J., Jr (1998c). Thermodynamics of internal C.T mismatches in
DNA. Nucleic Acids Res. 26, 2694–2701.
Allawi, H.T., and SantaLucia, J., Jr (1998d). Nearest neighbor thermodynamic parameters
for internal G.A mismatches in DNA. Biochemistry 37, 2170–2179.
Brachmann, C.B., Davies, A., Cost, G.J., Caputo, E., Li, J., Hieter, P., and Boeke, J.D.
(1998). Designer deletion strains derived from Saccharomyces cerevisiae S288C: a useful
set of strains and plasmids for PCR-mediated gene disruption and other applications. Yeast
14, 115–132.
Buchler, N.E., and Cross, F.R. (2009). Protein sequestration generates a flexible
ultrasensitive response in a genetic network. Mol. Syst. Biol. 5, 272.
Chee, M.K., and Haase, S.B. (2012). New and Redesigned pRS Plasmid Shuttle Vectors for
Genetic Manipulation of Saccharomyces cerevisiae. G3 2, 515–526.
Engler, C., Kandzia, R., and Marillonnet, S. (2008). A one pot, one step, precision cloning
method with high throughput capability. PLoS One 3, e3647.
Engler, C., Gruetzner, R., Kandzia, R., and Marillonnet, S. (2009). Golden gate shuffling: a
one-pot DNA shuffling method based on type IIs restriction enzymes. PLoS One 4, e5553.
Giaever, G., and Nislow, C. (2014). The yeast deletion collection: a decade of functional
genomics. Genetics 197, 451–465.
Giaever, G., Chu, A.M., Ni, L., Connelly, C., Riles, L., Véronneau, S., Dow, S., Lucau-Danila,
A., Anderson, K., André, B., et al. (2002). Functional profiling of the Saccharomyces
cerevisiae genome. Nature 418, 387–391.
Gibson, D.G. (2009). Synthesis of DNA fragments in yeast by one-step assembly of
overlapping oligonucleotides. Nucleic Acids Res. 37, 6984–6990.
Gietz, R.D., and Schiestl, R.H. (2007). Quick and easy yeast transformation using the

bioRxiv preprint doi: https://doi.org/10.1101/630277; this version posted May 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

LiAc/SS carrier DNA/PEG method. Nat. Protoc. 2, 35–37.
Gietz, R.D., and Sugino, A. (1988). New yeast-Escherichia coli shuttle vectors constructed
with in vitro mutagenized yeast genes lacking six-base pair restriction sites. Gene 74, 527–
534.
Gietz, R.D., and Woods, R.A. (2001). Genetic transformation of yeast. Biotechniques 30,
816–820, 822–826, 828 passim.
Hartley, J.L., Temple, G.F., and Brasch, M.A. (2000). DNA cloning using in vitro site-specific
recombination. Genome Res. 10, 1788–1795.
Hillenmeyer, M.E., Fung, E., Wildenhain, J., Pierce, S.E., Hoon, S., Lee, W., Proctor, M., St
Onge, R.P., Tyers, M., Koller, D., et al. (2008). The chemical genomic portrait of yeast:
uncovering a phenotype for all genes. Science 320, 362–365.
Howson, R., Huh, W.-K., Ghaemmaghami, S., Falvo, J.V., Bower, K., Belle, A., Dephoure,
N., Wykoff, D.D., Weissman, J.S., and O’Shea, E.K. (2005). Construction, verification and
experimental use of two epitope-tagged collections of budding yeast strains. Comp. Funct.
Genomics 6, 2–16.
Huh, W.-K., Falvo, J.V., Gerke, L.C., Carroll, A.S., Howson, R.W., Weissman, J.S., and
O’Shea, E.K. (2003). Global analysis of protein localization in budding yeast. Nature 425,
686–691.
Lee, M.E., DeLoache, W.C., Cervantes, B., and Dueber, J.E. (2015). A Highly Characterized
Yeast Toolkit for Modular, Multipart Assembly. ACS Synth. Biol. 4, 975–986.
Li, M.Z., and Elledge, S.J. (2007). SLIC sub-cloning using T4 DNA polymerase treated
inserts without RecA. Protocol Exchange.
Lu, Y., and Cross, F.R. (2010). Periodic Cyclin-Cdk Activity Entrains an Autonomous Cdc14
Release Oscillator. Cell 141, 268–279.
Miyazaki, K. (2011). MEGAWHOP Cloning. In Methods in Enzymology, pp. 399–406.
Mumberg, D., Müller, R., and Funk, M. (1994). Regulatable promoters of Saccharomyces
cerevisiae: comparison of transcriptional activity and their use for heterologous expression.
Nucleic Acids Res. 22, 5767–5768.
Owczarzy, R., You, Y., Moreira, B.G., Manthey, J.A., Huang, L., Behlke, M.A., and Walder,
J.A. (2004). Effects of sodium ions on DNA duplex oligomers: improved predictions of
melting temperatures. Biochemistry 43, 3537–3554.
Peyret, N., Seneviratne, P.A., Allawi, H.T., and SantaLucia, J., Jr (1999). Nearest-neighbor
thermodynamics and NMR of DNA sequences with internal A.A, C.C, G.G, and T.T
mismatches. Biochemistry 38, 3468–3477.
Quan, J., and Tian, J. (2009). Circular polymerase extension cloning of complex gene
libraries and pathways. PLoS One 4, e6441.
Rozen, S., and Skaletsky, H. (2000). Primer3 on the WWW for general users and for
biologist programmers. Methods Mol. Biol. 132, 365–386.
SantaLucia, J., Jr (1998). A unified view of polymer, dumbbell, and oligonucleotide DNA
nearest-neighbor thermodynamics. Proc. Natl. Acad. Sci. U. S. A. 95, 1460–1465.

bioRxiv preprint doi: https://doi.org/10.1101/630277; this version posted May 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Sarrion-Perdigones, A., Falconi, E.E., Zandalinas, S.I., Juárez, P., Fernández-del-Carmen,
A., Granell, A., and Orzaez, D. (2011). GoldenBraid: an iterative cloning system for
standardized assembly of reusable genetic modules. PLoS One 6, e21622.
Shetty, R.P., Endy, D., and Knight, T.F., Jr (2008). Engineering BioBrick vectors from
BioBrick parts. J. Biol. Eng. 2, 5.
Wach, A., Brachat, A., Pöhlmann, R., and Philippsen, P. (1994). New heterologous modules
for classical or PCR-based gene disruptions in Saccharomyces cerevisiae. Yeast 10, 1793–
1808.
Weber, E., Gruetzner, R., Werner, S., Engler, C., and Marillonnet, S. (2011). Assembly of
designer TAL effectors by Golden Gate cloning. PLoS One 6, e19722.
Winston, F., Dollard, C., and Ricupero-Hovasse, S.L. (1995). Construction of a set of
convenient Saccharomyces cerevisiae strains that are isogenic to S288C. Yeast 11, 53–55.
Winzeler, E.A., Shoemaker, D.D., Astromoff, A., Liang, H., Anderson, K., Andre, B.,
Bangham, R., Benito, R., Boeke, J.D., Bussey, H., et al. (1999). Functional characterization
of the S. cerevisiae genome by gene deletion and parallel analysis. Science 285, 901–906.
Wosika, V., Durandau, E., Varidel, C., Aymoz, D., Schmitt, M., and Pelet, S. (2016). New
families of single integration vectors and gene tagging plasmids for genetic manipulations in
budding yeast. Mol. Genet. Genomics 291, 2231–2240.
Zhang, Y., Werling, U., and Edelmann, W. (2012). SLiCE: a novel bacterial cell extractbased DNA cloning method. Nucleic Acids Res. 40, e55–e55.

A

tition 3 Position

Position 1:

integrative, centromeric, 2µ, target locus

Position 4:
Position 5:
Position 6:

CLN2-PEST, STOP, sfGFP-STOP, mCherry-STOP
ADH1 terminator
TRP1, URA3, LEU2, KanMX, NatMX

rm
in
a

e
ot

pr

Po

om

Po
n
ctio
5
ele
rs
to

typ
e

on 6
siti

B

PolyA

COSPLAY
Expression vector

Overhangs
a : ATCC

BsaI

b : TATG

1 2 3 4 5

5’ N

N G G T C T C N N N N N N N 3’
3’ N N C C A G A G N N N N N N N 5’
recognition
site

pDV (Cm )
r

c : GAAC
d : CGCA

cutting
site

e : CAGG
f : AGCA

C

g : CCAT

Am

Am

Am

selection
r

B

B

p

I P6 Bs
sa
g
f

r

p

terminator
r

p

cDNA2
r

B

B

r

a

B

r

Am

cDNA1

I P5 Bs
sa
f
e

aI

r

promoter

I P4 Bs
sa
e
d

aI

Cm

I P3 Bs
sa
d
c

aI

type

I P2 Bs
sa
c
b

aI

pDV

I P1 Bs
sa
b
a

aI

LacZ

Bs
g

aI

I
sa

Positions (P)

aI

p

Am

p

Am

BsaI + T4 ligase

g

b

c

d

c

d

r

2

M

M4

M3

c

d

e

M

5

r

Cm

PolyA

g

Assembled
Expression vector

M6

f

b

Cm

b

a

a

a

M1

B

Destination
vector

B

Posi
tio
n1

s

n

4
bioRxiv preprint
this version
posted
2019. The
copyright
holderTEF1p,
for this preprint
was not
Pos doi: https://doi.org/10.1101/630277
Position
2: May 7,
GAL1p,
ACT1p,
ADH1p,
CYC1p,(which
MET25p,
TDH3p
Po who has; granted
2
certified by
peer
review)
bioRxiv a license to display the preprint in perpetuity. It is made available under
degauthor/funder,
sit
n
ron
ne is the
e
g
o
io
Position
3:
sfGFP,
mCherry,
Venus,
NLS
a
CC-BY-NC-ND
4.0
International
license
.
t
ti i
e
r

e

e

f

f

g

p

A

B

Custom MatLab based software for

bioRxiv preprint doi: https://doi.org/10.1101/630277; this version posted May 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license toautomatic
display the preprint
in perpetuity.
It is primers
made available under
design
of tailed
aCC-BY-NC-ND 4.0 International license.

BsaI
MCS
R1

overhang
p1

Module
Module

BsaI

Module

p2

Template overhang

MCS

BsaI

R1

overhang

Module

overhang

MCS

Mega-Primer

du
M o le
overhangs

overhang

S
MC

MC BsaI
S

Module

aI

MCS
LacZ

overhang

Bs

BsaI

PUC57
+
Module
Am

p

r

p

r

PUC57
Am

MCS

R2
Bsa I

BsaI

B saI

BsaI

H

B

P STOP
sfGF
AD
p
H
C1

Int
CY

Int
GA

Assembled
Expression vector

Phase contrast

A

Assembled
Expression vector

r

m

C
mCherry

C
GFP

NLS sfGFP A
DH

mr

Assembled
Expression vector

D

1p
CT

Int

Int

NLS mCherry A
DH

Phase contrast

tMX
Na
1t

1p
CT

C
mCherry

A3
UR
1t

C

A

Phase contrast

mr

mr

Assembled
Expression vector

P1
TR
1t

bioRxiv preprint doi: https://doi.org/10.1101/630277; this version posted May 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

P1
TR
1t

A

yS
Cherr TOP A
D

pm
L1

Phase contrast

C
GFP

A

5’ domain

3’ domain

>>>>>

>>>>>

bioRxiv preprint doi: https://doi.org/10.1101/630277; this version posted May 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Target locus

(primers design and dimerization)
R1 BsaI
R1

BsaI

AscIelFseI
udoM
<<
Module

IasB

<<<<<

>>

AscI FseI

>>>>>

1R

BsaI R2

in
ma> >
o
d >

M3

M

F

>

3’ dom>ai>n AscI
>>

Assembled
vector

M6

PUC57
+
Module 1

M2

)
us

M5

seI
M 1 (targ
et > 5’
loc

B

aI

IR2
sa

R1
Bs

>

>

4

5’ do
in
ma
> > mai
do > > >
>> n
’
3 >
>
AscIFseI

(target locus)

B

AscI
digestion
FseI

>>>>>

M2

M3

M4

M5

M6

Linearized assembled vector
>>>>>

>>>>>

>>>>>

Target locus

>>>>>

M2

M3

M4

M5

M6

Integrated single copy of assembled vector

>>>>>

A

Linearization for single

Linearization for integration at

bioRxiv
preprint doi:
; this version posted May 7, 2019. The copyright
holder for thismarker
preprint (which
was not
integration
at ahttps://doi.org/10.1101/630277
target locus
the auxotrophic
locus
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Gal1

Target locus

sfGFP

STOP

Adh1t

Ura3

Assembled expression vector

500

102

103

104

GFP Fluo (A.U.)

105

Number of cells

1000
500
0
1
10

10

2

3
4
5
Positive
10
10clone
10

Control
Target locus
integration: 1500
Clone #1
Clone #2 1000
Clone #3
Clone #4 500

GFP Fluo (A.U.)

D

1x

2x

3x

100

# cells

0
101

C

Control
Ura3 integration:
Clone #1
Clone #2
Clone #3
Clone #4

% Positive clones

Negative control

1000

Number of cells

B

80
60
40
20
0

Ura3 Target locus
(n=152) (n=119)

*
0
0
1
2
3
4
5
6
10 10 10 10 10 10 10

FITC-A

4x

Number of clones

40

Module 1

Ura3 integration

ChrVI-260998

30

ChrIX-301997

20
10
0

0

1
1x

2x

3x

3
4x

Number of clones

40

2

4

5

GFP Fluo (A.U.)

6

7

9

10 4

Module 1

Target locus integration

30

8

ChrVI-26099
ChrIX-301997

20
10
0

0

1

2

3

4

5

GFP Fluo (A.U.)

6

7

8

9

10 4

Classical genomic integration
Inverted target locus domains
bioRxiv preprint doi: https://doi.org/10.1101/630277
; this version posted May 7, 2019. The
copyright
holder for this preprint (which was not
(multiple copies)
(single
integration)

certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Enzymatic
digestion

>>

> >
>>

> >
>>

First
recombination

>>

>>

> >
>>

> >
>>

>>
>>

>>

Second
recombination

>>
>>

>

>

>
>

>
>

>

>

>>

>

>

