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Rapid Transfer of Low Copy-Number Episomal Plasmids
from Saccharomyces cerevisiae to Escherichia coli
by Electroporation
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Abstract

A simple and reproducible method for transferring low copy-number episomal plasmids from yeast to
Escherichia coli has been developed. Although slightly more time-consuming than direct transfer methods,
which are effective with high copy number plasmids, the method is significantly faster than methods that
require purification of yeast DNA. Plasmid DNA is released from yeast cells during brief treatments involv-
ing grinding with glass beads and heating. The treated yeast are cooled, electrocompetent E. coli is added, the
mixture is electroporated, and transformants are selected using standard conditions for E. coli electrotrans-
formation. The procedure typically yields sufficient transformants for most applications.

Index Entries: Yeast episomes; plasmid rescue; electrotransformation.

1. Introduction

Yeast shuttle vectors are often used in molecu-
lar and cellular studies of Saccharomyces cerevi-
siae, including those of gene structure/function
relationships, DNA repair, mutagenesis, and
recombination (/). Shuttle vectors are convenient
for such studies because they are easily and rap-
idly modified in vitro and introduced into Escheri-
chia coli, from which large quantities of pure
plasmid DNA can be prepared; transferred into
yeast for analysis of gene function or for use as
substrates of cellular processing enzymes (such as
those involved in DNA repair); and then trans-
ferred from yeast to E. coli for purification and
analysis. There are five types of yeast shuttle vec-
tors, all of which have three essential features,
including sequences for replication and selection
in E. coli (an origin of replication and an antibi-
otic resistance marker), and a yeast selectable
marker (usually a gene encoding a enzyme in
metabolic pathway, such as URA3, HIS3, or
TRPI; 2-4). Plasmids with these minimum fea-
tures do not replicate freely when introduced into

yeast; they must integrate into a yeast chromo-
some to be maintained, and are therefore called
yeast integrating plasmid (YIp) vectors. Inte-
grated YIp vectors must be excised from chromo-
somal DNA by restriction enzyme digestion and
circularized with DNA ligase before they can be
returned to E. coli (5). In contrast, shuttle vectors
with an autonomously replicating sequence (ARS)
can exist in yeast as freely replicating circular
molecules (episomes), and these can be trans-
ferred directly between yeast and E. coli hosts.
Plasmids with an ARS from the yeast 2-um circle
(a naturally occurring plasmid; 6) are called yeast
episomal plasmids (YEp); they exist in yeast at
high copy number (30-50/cell) and segregate to
daughter cells with high efficiency. Plasmids with
a yeast chromosomal ARS sequence are called
yeast replicating plasmids (YRp). YRp vectors
also can occur as episomes with medium to high
copy numbers, but they are lost rapidly unless
selection pressure is maintained because they are
mitotically unstable (7). The addition of a yeast
centromere (CEN) to an ARS plasmid produces a
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low copy number yeast centromeric plasmid
(YCp), which have low copy numbers (1 or 2/
cell), and increased mitotic stability (loss rates
about 1%/generation). A yeast artificial chro-
mosome (YAC) is an ARS/CEN vector with
telomere sequences. YAC vectors replicate
freely as low copy number linear molecules (8).
Only circular DNA transforms E. coli effi-
ciently (9-11). Thus, only circular episomal
plasmids can be rescued without intermediate
enzymatic treatments to release and circularize
integrated plasmid DNA.

Because plasmid DNA is easily purified from
E. coli, plasmids in yeast are often transferred
back to E. coli for detailed characterization. For
example, molecular cloning may involve the
selection of a complementing activity encoded by
a DNA fragment from a plasmid library and the
subsequent transfer (or “rescue”) from yeast to E.
coli for DNA sequence analysis. Plasmid rescue
may also be used to confirm the structure (geno-
type) of a mutant gene introduced into yeast in
order to correlate a genotype with a phenotype. In
our studies of homologous recombination, plas-
mid recombination substrates are introduced into
yeast, allowed to recombine with endogenous
heteroallelic loci, and total yeast DNA (contain-
ing plasmid recombination products) is prepared
and electroporated into E. coli for detailed struc-
tural analysis of the rescued plasmids. In one such
study we characterized more than 400 products
(12). Although such transfers are highly efficient
(often yielding >100 transformants), the purifica-
tion of yeast DNA from each recombinant was
time-consuming and labor-intensive. We were
interested in streamlining the plasmid rescue step
and began investigating methods to transfer plas-
mids from yeast to E. coli directly, i.e., without
requiring preparation of yeast DNA. Procedures
have been described for direct transfer of plasmids
between bacterial species (/3-15) and of high
copy number shuttle vectors from yeast to E. coli
(16). This report describes the development of a
rapid procedure for “semidirect” transfer of low
copy-number plasmids from yeast to E. coli that
involves releasing DNA from yeast cells by
mechanical means.
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2. Materials and Methods

2.1. Plasmid DNA Preparation
and Yeast Culture

Plasmid DNA was prepared and manipulated
as described previously (12). The 7.0-kbp low
copy-number shuttle plasmid (pUraHAC) con-
tains a ura3 allele on a HIS3/ARS1/CEN4 (HAC)
derivative of pUC19, and is similar to HAC
plasmids described previously (/7). pUraHAC
was transformed into yeast strain DY3028 (12;
MATa-inc, lys2-Al:LYS2-GALHO, ura3-X432,
ade2-101, his3-200, leu2-Al, trpl-Al) using
the method described by Ito et al. (18). Yeast
strains were cultured as described previously
(12). Yeast carrying the HAC shuttle vector
were grown on selective medium (lacking his-
tidine) to maintain selective pressure for the
unstable episome.

2.2. Electroporation Conditions

Frozen competent E. coli strain DH50 were
prepared for electroporation with a BioRad (Rich-
mond, CA) Gene Pulser essentially as recom-
mended by the manufacturer, with modifications
as described by Miller and Nickoloff (19). All
experiments were performed with a single batch
of electrocompetent DH5¢ cells with a transfor-
mation efficiency of 6 x 10° transformants/pg of
pUCI19. The capacitance and resistance were set
at 25 pF and 200 Q, respectively. Treatments of
yeast cell suspensions were performed in 1.5-mL
microcentrifuge tubes as follows. “Grinding”
involved vortexing with 300 pUL of autoclaved,
acid washed glass beads (450-U diameter; Sigma,
St. Louis, MO) for 5 min unless noted otherwise.
“Heating” involved incubating at 100°C for 1
min. “Freezing/thawing” involved two cycles of
incubation for 1 min on powdered dry ice and 2
min in a 65°C water bath. Treated cells were
chilled on ice for at least 2 min before being mixed
with E. coli and subjected to electroporation.
Immediately following electroporation, 1 mL of
SOC (20) was added, cells were incubated for 1 h
at 37°C, plated on LB plates containing 100 pg/
mL ampicillin (20), and transformant colonies
were scored after a 16-24 h incubation at 37°C.
Yeast does not grow on LB plates.
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Table 1
Permutations Tested in Dual Pulse Procedures

Set E. coli, pL Yeast? Cuvet? First pulse, kV Second pulse, kV Permutations®
1 20 Colony 1,2 1.0 2.5 24

2 40 Colony 1 1.0 2.5 14

3 40 Colony 2 1.0,15,2.0 2.5 3

4 20, 40 Streak 1,2 1.0,15,2.0 2.5 12

5 20 Grinding 1 1.0,1.5,2.0,2.5 2.0 4

6 20 Grinding 2 15,20 25 2

*‘Colony” indicates direct mixing with E. coli. “Streak” indicates that cells from 3 X 20 mm streaks were washed by suspending in
0.5 mL of dH,0, centrifuging at 3000g for 1 min, and suspending in 20 UL of dH,0, and then added to E. coli. “Grinding” indicates
that cells from a 3 x 20 mm streak were vortexed with glass beads, as described in Materials and Methods.

bWidth of electrode gap in mm.

¢All permutations were performed once except those in set 6, which were each performed twice.

4Parameters that resulted in arcing.

3. Results and Discussion

Marcil and Higgins (16) described the direct
transfer of high copy-number YEp vectors from
yeast to E. coli using a two-pulse electroporation
procedure. The reported transfer efficiencies were
high enough to suggest that this procedure would
also be effective for direct transfer of low copy-
number YCp vectors (/6). However, in four
attempts, this procedure yielded no E. coli DH5a
transformants when DH5o cells were mixed with
yeast strain DY3028 containing a 7.0-kbp YCp
vector (pUraHAC), despite the fact we used
electrocompetent E. coli with a 1.2-3-fold higher
transformation efficiency (as measured using
supercoiled pUC19) than used by Marcil and
Higgins (16). We reasoned that the observed low
transfer efficiency may be owing to the inefficient
electrotransfer of plasmid DNA from yeast cells
into the yeast/E. coli cell suspension or low
viability of recipient E. coli after two electric
pulses. We explored several different approaches
for improving plasmid release from yeast cells,
including various procedures involving one or
two electric shocks, and procedures in which
yeast cells were mechanically disrupted prior to
mixing with E. coli and electroporation. Because
transferring low copy number plasmids from
yeast to E. coli is very efficient if transfer is
effected using purified yeast DNA (12), we
focused our efforts on procedures that were easier
to perform than this existing method. The starting
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material for all of the experiments described below
was strain DY3028 carrying pUraHAC grown for
2-3 d on plates lacking histidine, to insure that
most cells carried the unstable plasmid element.

3.1. Tests of Dual Electric Pulse
Procedures

Transferring plasmid DNA from yeast to E. coli
using two pulses presumably involves an initial
electric field-mediated transfer of plasmid DNA
out of yeast cells and a second transfer of liber-
ated DNA into E. coli. We performed six sets of
experiments with 24 permutations of dual pulse
procedures, consisting of 26 tests (Table 1). Yeast
from single 2-d-old colonies or streaks (approx 3
x 20 mm) were mixed with 20 or 40 uL of
electrocompetent E. coli and shocked first with
1.0, 1.5, or 2.0kV in cuvets with 1- or 2-mm elec-
trode gaps, returned to an ice bath for 1 min, and
then shocked a second time with 2.5 kV. Initial
pulses had time constants averaging 4.6 ms
(range: 4.2-4.8 ms) and second pulses had time
constants averaging 4.3 ms (range: 3.8—4.8 ms).
Only two of these tests yielded any E. coli
transformants (Table 1; set 6): one and three
transformants were obtained with initial pulses of
1.5 and 2.0 kV, respectively. These results are in
sharp contrast to those reported previously using
comparable electrical parameters to transfer a 5.6-
kbp high copy-number plasmid from yeast to E.
coli (16). Because almost none of the tested con-
ditions yielded transformants, these experiments
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Table 2
Plasmid Transfer and E. coli Viability in Single and Dual Pulse Procedures
Number of

Expt E. coli, UL Cuvet? V1, T1® V2, T2¢ Viability4 transformants
1 20 2 2.0(4.3) 254.3) 168 0
2 40 2 2.04.2) 2504.2) 132 1
3 20 2 2.0 (arc) — — —
4 40 2 20@3.1) 2529 163 0
5 20 1 1.0 (3.4) 2029 39 0
6 20 1 1.5(3.8) 2037 23 0
7 20 1 2.0(3.5) 2.0(2.9) 24 0
8 20 1 2.5 (arc) — — —
9 20 1 1.0 (3.6) — 1160 2
10 20 1 1.5(3.8) — 168 0
11 20 1 2.0(3.5) — 63 0
12 20 1 2.2(3.8) — 24 0

“Width of electrode gap in mm.
byoltage in kV (time constant) for first pulse.
“Voltage in kV (time constant) for second pulse.

4Number of E. coli colonies formed on LB plates lacking antibiotics from 100 pL of a 10*-fold dilution of transformed cells after

1 h incubation in 1 mL of SOC.

were inconclusive regarding the relative impor-
tance of E. coli cell volume, or electric field
strength (controlled by voltage and electrode gap
distance). Some experimental conditions caused
samples to arc, especially those with a smaller
volume of E. coli cells and/or a narrower electrode
gap. Samples that arced were not processed fur-
ther in this or subsequent experiments. All experi-
ments in set 4 failed. Interestingly, the (slightly)
successful experiments in set 6 used identical con-
ditions, except that yeast cells were treated by
grinding with glass beads before electroporation,
indicating that mechanical disruption of yeast
might facilitate plasmid transfer. Because trans-
formants were never obtained with yeast colonies,
all subsequent experiments were performed using
cells from streaks.

To determine whether the low transfer effi-
ciency was a consequence of low E. coli viability
after two electric pulses, we compared plasmid
transfer efficiency and E. coli viability using dual
and single pulse procedures. In these tests, yeast
cells were treated by grinding with glass beads as
described earlier. Only two of the experimental
conditions yielded transformants (Table 2), indi-
cating that grinding yeast prior to electroporation,
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though helpful, does not yield transformants
reproducibly. Again, varying E. coli cell volume
and field strengths had no demonstrable effect.
These experiments confirmed that E. coli cell
viability is strongly reduced by dual pulses, and
inversely proportional to field strength. Interest-
ingly, the experiment that yielded two trans-
formants involved only a single shock and had the
greatest E. coli viability (Table 2; experiment 9).

3.2, Tests of Single Electric Pulse
Procedures

The results described above suggested that
plasmid release from yeast cells by mechanical
disruption, rather than by an initial electric pulse,
might improve transfer efficiency by increasing
E. coli viability. Sixteen experiments were per-
formed using a single pulse of 2.5 kV, which is
presumably optimal for transforming E. coli.
Three parameters were varied, including the field
strength (by using 1- and 2-mm electrode gaps),
the yeast cell treatment, and the volume of E. coli
used. In eight experiments, yeast cells were
treated by grinding for 2.5 or 5 min continuously,
or for a total of 5 min at 1-min intervals alternat-
ing with 1-min incubations on ice. The time con-
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Table 3

Effects of Various Yeast Cell Treatments on Single Pulse Plasmid Transfer

83

Expt Yeast treatment® yid Viability® Number of transformants
1 Grinding/heating 43 120 20
2 Grinding/heating 4.5 157 6
3 Grinding/heating 4.3 193 4
4 Grinding/heating 43 245 7
5 Heating/grinding 42 19 0
6 Heating Arc — —
7 Freezing/thawing Arc — —
8 Freezing/thawing/heating Arc — —
9 Heating/freezing/thawing 4.1 235 0
10 Grinding/freezing/thawing 3.7 127 6
11 Grinding/freezing/thawing/heating 35 163 1
12 Triton X-100/grinding 4.1 30 0
13 Triton X-100/grinding/heating 4.0 85 1
14 Triton X-100/heating/grinding 42 90 0

Grinding, heating, freezing, and thawing procedures are described in Materials and Methods; Triton X-100 treatments performed
as described in the text. Samples not subjected to grinding were suspended in 20 pL of dH,0.
bTime constant; all pulses were at 2.5 kV, 25 pF, and 200 Q using a 2-mm electrode gap.

“Viability assayed as described in Table 2.

stants for these experiments were similar to pre-
vious values. Four of these experiments yielded
one or two transformants. There was no apparent
advantage of one grinding treatment over another,
nor was there any effect of varying the two other
parameters. The remaining eight experiments in-
volved treating cells with zymolyase, using con-
ditions similar to those used to digest the yeast
cell wall during genomic DNA preparation (21).
Cells from a streak were washed in 100 pL of
0.9M sorbitol, suspended in 10 puL of 0.9M sorbi-
tol, 0.1 mg/mL zymolyase 100T (Kirin, Japan),
incubated at 37°C for 1 h, and added to E. coli and
pulsed as described. No transformants resulted
when yeast were treated with zymolyase alone, or
with zymolyase followed by grinding.

We next examined the effects of 11 different
yeast cell treatments on transfer efficiency, involv-
ing grinding, heating, and freezing/thawing. We
also tested whether cell membrane disruption
could be effected by performing some of these
physical treatments in the presence of 5% Triton
X-100. Triton X-100 was chosen because it is a
nonionic detergent and should not affect electri-
cal conductivity or increase arcing. Fourteen
experiments were performed with 20 uL of E.
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coli, 2-mm electrode gaps, and a 2.5-kV pulse.
Included were four repetitions of a grinding/heat-
ing protocol, which was effective and reproduc-
ible (Table 3; experiments 1-4). We mapped 12
plasmids rescued by this protocol and all 12 had
the expected structure (data not shown). Interest-
ingly, plasmid transfer was inefficient when these
steps were reversed, i.e., when heating preceded
grinding. Only one other treatment yielded more
than one transformant (grinding/freezing/thaw-
ing; experiment 10), but no further tests of this
protocol were performed. Triton X-~100 inhibited
plasmid transfer. Triplicate determinations using
the grinding/heating protocol indicated that the
amount of yeast, in the range of 1-3 x 107 cells,
does not significantly affect transfer efficiency
(data not shown).

In a final set of experiments, we tested the effi-
ciency of an initial 1.5-kV pulse of yeast cells in
20 puL of dH,O without E. coli, followed by addi-
tion of E. coli and a second 2.5-kV pulse. Tripli-
cate experiments using 20 UL of E. coli produced no
transformants. This “split pulse” protocol was also
unsuccessful when yeast cells were treated before
the initial pulse by grinding, or by heating, and it
was less effective than the single pulse procedure
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when yeast cells were treated by grinding/heating,
yielding only two transformants in three attempts.

In summary, the steps used for “semidirect”
transfer of low copy-number shuttle plasmids to
E. coli are: grind 1-3 x 107 yeast cells for 5 min,
heat to 100°C for 1 min, chill on ice for 2 min,
add 20 pL of electrocompetent E. coli (compe-
tence >5 x 10° transformants/pg of pUC19), trans-
fer the mixed cell suspension to a cuvet with a
2-mm electrode gap, pulse with 2.5 kV, 25 uF,
200 €2, immediately add 1 mL of SOC, incubate
for 1 h at 37°C, and plate using an appropriate
antibiotic. This procedure is nearly as fast as
direct transfer, and though not as efficient as pro-
cedures that use pure yeast DNA, it requires 2-3
d less time, and it is well suited to applications
that require rescue of few transformants.
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