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Abstract
Chemical-based methods have been developed for transformation of DNA into log phase cells of
the budding yeast Saccharomyces cerevisiae with high efficiency. Transformation of early
stationary phase cells, e.g., cells grown in overnight liquid cultures or as colonies on plates, is less
efficient than log phase cells but is simpler and more adaptable to high throughput projects. In this
study we have tested different approaches for transformation of early stationary phase cell cultures
and identified a method utilizing polyethylene glycol (PEG), lithium acetate and dimethyl
sulfoxide (DMSO) as most efficient. Plasmid DNA transformations using this method could be
improved modestly by allowing cells to recover from the chemical treatment in rich broth before
plating to selective media. Strong increases in transformation efficiencies were observed when
cells were treated briefly with dithiothreitol (DTT). Tests using several different yeast strain
backgrounds indicated that DTT treatment could enhance transformation efficiencies by up to 40-
fold. Evaluation of multiple parameters affecting the efficiency of the method led to development
of an optimized protocol achieving >50,000 transformants per µg DNA in most backgrounds
tested.
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Introduction
Several approaches have been developed for the transfer of DNA molecules into cells of the
budding yeast Saccharomyces cerevisiae. These methods include electroporation, enzymatic
spheroplasting and various chemical-based transformation procedures (Benatuil et al., 2010;
Brzobohaty and Kovac, 1986; Ito et al., 1983; Gietz and Woods, 2001; Gietz and Schiestl,
2007a, 2007b; Kawai et al., 2010). Chemical treatment methods, which are most commonly
used, involve temporary destabilization of the cell wall to allow entry of DNA, which is
likely to involve an endocytosis-like mechanism (Kawai et al., 2010; Pham et al.,
2011a).The chemicals polyethylene glycol (PEG) and lithium acetate (LiAc), a non-specific
carrier DNA such as sonicated salmon chromosomal DNA, and a brief heat shock step are
frequently employed. Evidence suggests that PEG promotes association of the transforming
DNA with the surface of the cell and that lithium ions and heat shock promote passage of
DNA into the cell (Chen et al., 2008; Gietz and Woods, 2001; Kawai et al., 2010; Zheng et
al., 2005). The precise function of the carrier DNA is unclear; recent work suggests that this
DNA associates with the exterior of cells and alters the structure of the cell wall (Pham et
al., 2011b).
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Transformation efficiencies are greatest in log phase yeast cell cultures and high efficiency
protocols have been developed for such cells (Gietz and Schiestl, 2007a; Gietz and Woods,
2001; Kawai et al., 2010). Transformation of cells harvested from patches on plates or from
small overnight liquid cultures, corresponding to early stationary (post-diauxic) phase cells
(Herman, 2002; Werner-Washburne et al., 1996), is less efficient than in log phase cells.
However, this approach is often preferred because use of early stationary phase cells is less
time-consuming, requires smaller volumes and is more adaptable to high-throughput
procedures than log phase protocols (Chen et al., 1992; Elble, 1992; Gietz and Schiestl,
2007b; Gietz and Woods, 2001; Keszenman-Pereyra and Hieda, 1988; Soni et al., 1993).

In the current study we have tested multiple protocols and the impact of pretreatment and
post-treatment steps on the efficiency of transformation of small overnight cultures with
plasmid DNA and identified an important role for the reducing agent dithiothreitol (DTT). A
new high efficiency protocol was developed and successfully tested in several different
yeast strain backgrounds.

Materials and Methods
Yeast strains and plasmids

BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) (Brachmann et al., 1998) was used for all
experiments except where specified otherwise. Other strain backgrounds tested were the
S288c strain BY4741 (Brachmann et al., 1998), BWG1-7a (White and Haber, 1990),
S1:InsE4A (Morrison et al., 1993), SK1 strain EPY214-1B (Larionov et al., 1994), the
A364a-derived strain T334 (Hovland et al., 1989), and YPH102 (Sikorski and Hieter, 1989).
The plasmid pRS316 (CEN/ARS URA3) (Sikorski and Hieter, 1989) was used for all
transformation assays. Plasmid DNAs were purified from E. coli DH5α cells using an
alkaline lysis protocol (Sambrook and Russell, 2001) in conjunction with anion exchange
spin columns from USA-Qiagen, Inc. Yields of plasmid DNA were determined using a
Hoefer DynaQuant 200 fluorometer and the DNA-binding fluorophore Hoechst 33258.

Cell growth and transformation reagents
Ampicillin, dimethyl sulfoxide (DMSO),D-(+)-glucose, Hoechst 33258, lithium
acetate(LiAc; #L4158), and poly(ethylene glycol)-4000 (#81240) were purchased from
Sigma-Aldrich Chemical Co. Stock solutions of 50% PEG-4000 and 1 M LiAc dissolved in
ddH2O remained stable when stored at RT for 6–12 months. Periodically, transformation
efficiencies using older solutions would decrease; fresh PEG and LiAc solutions were then
prepared, which restored efficiencies to prior levels. Aliquots of DTT (2 M) were stored in a
−20 °C freezer prior to use. Ethidium bromide (EtBr) was obtained from Shelton Scientific,
Incorporated. Ethylene diaminetetraacetic acid (EDTA), 10X PBS and agarose were
obtained from EMD Chemicals, Inc. 1 Kb DNA ladder was purchased from New England
Biolabs. Sonicated salmon sperm carrier DNA was obtained from Stratagene/Agilent
Technologies. Tris base was purchased from VWR International. Dithiothreitol (DTT) was
purchased from either Sigma-Aldrich or Gold Biochemistry. Bacto peptone, bacto yeast
extract, bacto tryptone, bacto agar, yeast nitrogen base, and LB broth mix were
manufactured by Becton Dickinson Microbiological Systems.

For non-selective growth, yeast cells were grown on YPDA (rich) media (1% bacto yeast
extract, 2% bacto peptone, 2% glucose, 2% bacto agar, 0.001% adenine) (Sherman, 2002).
Plasmid selection used synthetic yeast growth media with drop-out mix (0.17% yeast
nitrogen base without amino acids, 2% glucose, 2% bacto agar, and all essential amino acids
minus the amino acids used for selection) (Sherman, 2002). E. coli cells were grown in LB
broth + 0.1 mg/mL Amp or on LB + Amp plates.
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Yeast DNA transformation methods
Three previously published protocols for transformation of early stationary phase cells were
adapted for use in this work. These methods included the "quick-and-easy" protocol of Gietz
and Schiestl (2007b), the one-step transformation protocol of Chen et al. (1992), and the
DMSO-based approach of Soni et al. (1993). Four or five trials were performed for tests of
each method and also during testing of modifications to the DMSO-based protocol.
Averages and standard deviations were calculated and are presented in the figures. Two-
tailed Student's T-test comparisons of populations were performed using Microsoft Excel in
conjunction with the add-in program StatPlus.

The quick and easy protocol of Gietz and Schiestl was adapted for this study using the
following steps: 1.5 mL of cells grown overnight at 30 °C in YPDA broth with shaking was
pelleted for 15 s at 16,100g and the supernatant was discarded. To the pellet 240 µL 50%
PEG4000, 36 µL 1 M LiAc, 50µL recently boiled sonicated 2 mg/mL single-stranded carrier
DNA and 34 µL of sterile water plus pRS316 plasmid DNA (100–700 ng) were added. After
mixing, tubes were incubated at 42 °C for 20 min, spun for 15 s, and the resulting cell
pellets were resuspended in 200 – 500µl ddH2O and aliquots spread onto synthetic glucose
plates minus uracil (Glu-Ura plates). Plates were incubated at 30 °C for 3 days.

The one-step protocol of Chen et al. was applied as follows: 1.5 mL of cells grown
overnight at 30 °C in YPDA broth with shaking was pelleted for 15 s at 16,100g and the
supernatant was discarded. To the pellet 100 µL of ONE-STEP buffer (40% PEG-4000 [pH
5.0], 0.2 M LiAc, 100 mM DTT), 5 µL recently boiled 10 mg/ml carrier DNA, and 2–5 µL
plasmid DNA (100–700 ng) were added. After mixing, tubes were incubated at 45°C for 30
min. In this protocol, heat-shocked cells are normally spread directly onto selective plates,
but to ensure that the three protocols could be readily compared, the cells were sedimented
and resuspended in 200–500µl ddH2O as in each of the other methods. We note that similar
colony numbers were observed using both plating procedures. The plates were then
incubated at 30 °C for 3 days as above.

For the standard Soni DMSO-based protocol, 1.5 mL of cells grown overnight at 30 °C in
YPDA broth with shaking was pelleted for 15 s at 16,100g and the supernatant was
discarded. To the pellet 5 µL recently boiled 10 mg/ml carrier DNA, 2–5 µL pRS316 DNA
(100–700 ng), and 500 µL PEG/LiAc/Tris/EDTA (PLTE) solution were added. PLTE
solution was prepared by mixing 800 µL 50% PEG−4000 + 100 µL 1 M LiAc + 20 µL 50
mM EDTA + 10 µL 1 M Tris (pH 7.5) + 70 µL H2O. Enough PLTE was prepared for all
transformations to be performed plus at least one more. After mixing, 56 µL DMSO was
added, the solution was remixed and incubated at 30 °C for 15 min. Tubes were placed at 42
°C for 15 min, spun for 15 s, and the resulting cell pellets were resuspended in 200 – 500µl
ddH2O. In the original protocol, cell pellets are normally resuspended in TE (10 mM Tris
[pH 8.0] 1 mM EDTA), but to ensure that the protocols could be readily compared, cells
were resuspended in ddH2O and spread to Glu-Ura plates as above.

To assess pretreatment modifications of the Soni protocol, the initial cell pellet was
resuspended in 500 µL of solutions containing varying amounts of DTT. For tests of pH
effects, the DTT was dissolved in 100 mM Tris buffer. For post-treatment tests, cells
pelleted after the final 42 °C heat shock were resuspended in 1 ml ddH2O, YPDA broth, YP
broth (same as YPDA but without glucose and without adenine), or 1 × PBS (phosphate-
buffered saline). Tubes were then shaken in a Labnet model 20E microcentrifuge tube
shaker inside a 30 °C incubator for 40 or 80 min. The cells were sedimented at 16,000g for
15 s and resuspended in water before plating.
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The final, optimized transformation method developed here used the DMSO-based protocol
described above, but with the following modifications: After centrifugation of 1.5 ml cells
and removal of the supernatant, 0.5 ml 100 mM DTT dissolved in ddH2O was added. After
mixing, the suspension was incubated at 42 °C for 20 min in a heating block containing
conical holes, centrifuged at 16,100g for 15 s, and carrier DNA, plasmid DNA, PLTE
solution and DMSO were added as in the normal protocol. When DTT was included in the
mix along with the other chemicals, bypassing the preincubation step, it was added to the
PLTE in place of a portion of the water, producing a final PLTE+DNA solution that
contained 100 mM DTT.

To perform a large number of transformations, a "mix" was prepared that contained the
volume needed plus enough for one more transformation. For example, if 10 transformations
were to be performed, a mix for 11 transformations was prepared on the day of the
experiment that contained 5500 µl PLTE solution, 55 µl carrier DNA, 55 µl plasmid DNA +
ddH2O, and 616 µl DMSO. Aliquots containing 566 µl of the mix were added to each cell
pellet, which was then resuspended by vortexing or by scraping across the bottom of a test
tube rack. Transformation efficiencies using the optimized protocol were typically ~50,000
– 100,000 per µg DNA, depending on the yeast strain employed, and these higher
efficiencies allowed smaller amounts of plasmid DNA to be used (10–50 ng).

Results
Transformation of DNA into yeast cells by chemical methods is typically done using either
logarithmically growing cells or cells that are in early stationary phase (the post-diauxic
phase; Herman, 2002; Werner-Washburne et al., 1996). Use of log phase cells produces the
highest efficiencies, but requires more time and is less easily adapted for high throughput
projects. Early stationary phase protocols typically use cells grown overnight in liquid
culture using tubes, flasks or microtiter dish wells, but may also employ cells grown as
patches or large colonies on plates.

In an effort to improve the efficiency of transformation of early stationary phase cells, we
initially examined three previously described protocols. These methods included a simple,
"quick and easy" procedure (Gietz and Schiestl, 2007b) involving sedimentation of cells and
resuspension in a solution containing PEG, LiAc, single-stranded carrier DNA and plasmid
DNA, followed by heat shock at 42 °C, re-sedimentation and resuspension of the cells, and
spreading to selective plates. The second method was the one-step protocol of Chen et al.
(1992), in which cell pellets are resuspended in a solution containing PEG, LiAc, carrier
DNA, plasmid DNA and the reducing agent DTT, followed by heat shock at 45 °C (a higher
temperature than that used in other methods). The third procedure was that of Soni et al.
(1993), which is similar to the quick and easy protocol described above except that cells are
initially resuspended in a more complex mixture containing PEG, LiAc, Tris, EDTA, carrier
DNA, plasmid DNA and DMSO, followed by a brief incubation at 30 °C and heat shock at
42 °C before sedimenting and spreading cells to selective plates.

Tests were performed using the centromeric yeast shuttle vector pRS316. Haploid BY4742
cells were shaken overnight in YPDA broth in tall glass cell culture tubes prior to
transformation and transformed cells were spread onto synthetic glucose plates lacking
uracil. Each of the more complex protocols, combining either DTT or Tris/EDTA/DMSO
with PEG and LiAc, produced much higher numbers of Ura+ transformants than the quick
and easy PEG/LiAc protocol, corresponding to increases of 8-fold and 15-fold, respectively
(Figure 1A). The protocol of Soni et al. utilizing PEG, LiAc, Tris, EDTA and DMSO
consistently gave highest transformation efficiencies and was used for all subsequent
experiments. For the experiment shown in Figure 1A, this method produced 32,000
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transformants per µg DNA and reproducibly generated efficiencies of 20,000 – 40,000 per
µg of DNA using BY4742 cells in repeated trials.

In an effort to simplify the DMSO method, the consequences of excluding Tris and EDTA
(TE) from the initial resuspension solution were examined. Use of the protocol without TE
caused a 2.5-fold reduction in colony formation (Figure 1B), so it was included in all
subsequent experiments. Application of the Student's T-test to two repetitions of this
experiment using 5 cultures each time produced similar increases but with p values of 0.06
and 0.10, indicating that the increases were significant at the 90% but not the 95%
confidence level. For the graph shown in Figure 1B, the transformation efficiency of the
solution lacking TE was normalized to 100 to simplify comparison. Controls in subsequent
graphs, usually indicating results obtained using the standard DMSO-based protocol, were
also arbitrarily set to 100 to facilitate comparisons with alternative procedures involving pre-
or post-treatment with other chemicals.

Protocols developed for transformation of plasmid DNAs into bacterial cells differ from
yeast protocols in that they usually require incubation of the cells in rich broth after the 42
°C heat shock step (Sambrook and Russell, 2001; Seidman et al. 2001). This final incubation
is ostensibly performed to allow the cells to recover from chemical-induced alterations of
the cell wall and membrane. The impact of such post-treatment on yeast cells was
investigated by resuspending heat-shocked cells in nutrient or salt solutions instead of water.
The solutions used were YPDA broth (containing 2% glucose), YP broth (as YPDA broth
but lacking adenine and the osmoprotective effects of glucose), or phosphate-buffered saline
solution (1 × PBS). Simply resuspending cells in the alternative solutions and spreading
immediately to plates did not alter transformation efficiencies (Figure 1C). However,
incubation in each solution at 30 °C for 40 min, which is similar to bacterial cell recovery
times, improved efficiencies modestly (1.5–1.8-fold).

In some chemical-based yeast transformation protocols, cells are initially washed with water
or a buffer solution prior to resuspension in PEG, LiAc and DNA (e.g., Gietz et al., 1995).
We investigated the effects of brief incubation of cells in water, Tris/EDTA buffers or
various chemical solutions and only observed a strong impact of preincubation with the
reducing agent DTT (Figure 2 and data not shown). This reducing agent was tested because
it is a normal component of the one-step protocol described above (Chen et al., 1992) and
because reducing agents have been employed in some past transformation studies that used
log phase yeast cells instead of early stationary phase cells (see Discussion). As shown in
Figure 2A, preincubation of cells in 100mM DTT for 5 or 20 min at RT increased
transformation efficiencies by 2-fold. This DTT concentration was the same as that used in
the one-step procedure. Raising the temperature of the DTT preincubation to 42 °C further
improved the results, producing an over 4-fold increase when cells were incubated for 20
min. No enhancement was observed when cells were simply preincubated in water at 42 °C
(Figure 2A).

Varying the concentration of DTT from 25 mM to 200 mM revealed that 100 – 200 mM was
optimum (Figure 2B) and 100 mM was chosen for subsequent experiments. DTT is
frequently used to reduce disulfide bridges within proteins in vitro. The normal mechanism
of action of the chemical requires that at least one of its two sulfhydryl groups be
deprotonated, a process that is pH-dependent as the two groups have pKa values of 9.2 and
10.1 (Lukesh et al., 2012). However, pretreatment of cells at 42 °C with DTT dissolved in
0.1 M Tris set to pH 6.0, 7.0, 8.0 or 9.0 did not produce results that were better than simply
dissolving the DTT in ddH2O; each of the DTT pretreatments increased Ura+ colony
numbers by approximately 3- to 4-fold (Figure 2C).
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The possibility that adding DTT at the same time as PEG, LiAc, Tris and EDTA,
eliminating the pretreatment step, might improve transformation efficiencies was also
investigated. As shown in Figure 2D, this approach produced results similar to that of the
pretreatment procedure, resulting in an approximately 4-fold increase in colonies (p < 0.05
using the Student's t-test).

Allowing cells to recover after the heat shock step by shaking in YPDA broth at 30 °C
increased transformation efficiency with the unmodified protocol by 1.8 fold (Figure 1D).
Combining recovery in YPDA broth with the new DTT-treatment protocols produced even
better results. As shown in Figure 2E, allowing cells to recover in rich broth increased
colony numbers by 2.5 – 3 fold when a 40 min incubation was used and by 3.5 – 4.8 fold
when cells were incubated for 80 min.

The effects of treatment with DTT were also assessed in other strain backgrounds (Figure 3).
For these experiments, previously published strains BY4741, BWG1-7a, S1:InsE4A,
EPY214-1B, T334, and YPH102 (including S288c, SK1 and A364a backgrounds)
(Brachmann et al., 1998; Hovland et al., 1989; Larionov et al., 1994; Lewis et al., 1998;
Morrison et al., 1993; Sikorski and Hieter, 1989; White and Haber, 1990) were all tested
using the adapted DMSO-based protocol described here with and without DTT treatment
(and without post-heat shock recovery in YPDA). Efficiencies observed among the different
strains without DTT were variable and colony formation in two strains, EPY214-1B and
YPH102, was only 10–30% as high as that of BY4741 cells in the experiments shown in
Figure 3A and 3B. The untreated BY4741 control was arbitrarily set to 100 in the graphs.
Specific efficiencies for BY4741 in Figure 3A were 16,200 transformants per µg DNA
without DTT and 78,100 transformants per µg after pretreatment with 100 mM DTT.
Pretreatment with DTT at 42 °C increased colony formation in all strains, with increases
ranging from 2.9-fold for BWG1–7A cells to 27- and 42-fold in EPY214-1B and S1:InsE4A
cells (Figure 3A). This experiment was repeated by adding DTT to the PEG-LiAc mix as in
Figure 2D, without a preincubation step. DTT addition again improved results in all strains
tested, with increases ranging from 1.5 fold in T334 cells to 7.4 fold for BWG1-7A cells
(Figure 3B).

Discussion
This study has examined methods to improve the relatively low DNA transformation
efficiencies of early stationary (post-diauxic) phase yeast cells. The one-step procedure of
Chen et al. (1992) and the DMSO-based protocol of Soni et al. (1993) achieved much higher
efficiencies than a simple PEG/LiAc protocol, with a 15-fold increase seen using the DMSO
method. Soni et al. observed plasmid transformation efficiencies of < 5,000 per µg DNA, but
the adapted version of the protocol used in the current study routinely gave 20,000 – 40,000
transformants per µg. It is unclear at present if the higher efficiency is due to the different
strain backgrounds, the DNAs employed in each study, or to some other factor. Our
observation that some strains (e.g., YPH102 and EPY214-1B) gave poor results when DTT
was not present (Figure 3) suggests that strain differences are likely to be important.

The DMSO-based approach was not improved further by simply resuspending cells in rich
broth or phosphate-buffered saline and spreading directly to selective plates. However,
incubating the cells in YPDA broth at 30 °C for 40 min increased efficiency by
approximately 2-fold. The doubling time of yeast cells is 90 – 120 min, much longer than
the 40 min incubation time, which suggests that the increase in Ura+ colonies was not
simply due to growth of the transformed cells.
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In some protocols cells are washed in water or salt solution prior to mixing with PEG, LiAc
and DNA. We observed that brief incubation in DTT prior to addition of PEG-LiAc-Tris-
EDTA solution strongly increased Ura+ colony formation. Preincubation in 0.1 M DTT at 42
°C for 20 min yielded best results, increasing efficiencies by 3- to 5-fold in BY4742 cells.
Subsequent experiments established that simply adding DTT at the same time as the PEG-
LiAc-Tris-EDTA solution also elevated transformation efficiencies by 4-fold.

Adding a 40 minute post-heat shock recovery step in YPDA broth to the DTT-treated cells
enhanced colony formation by an additional 3–4 fold, even more than the 1.8 fold increase
seen using the unmodified protocol (Figure 2E vs Figure 1D). Chemical-based
transformation methods attempt to disorganize cell membranes and/or cell walls enough to
allow DNA entry but not enough to cause the death of most cells. They are highly inefficient
because the vast majority of cells do not take up the DNA and/or survive the harsh chemical
treatment. It is possible that DTT acts positively to modify cell surfaces and allow more
cells to take up DNA, but also has a negative effect, causing more potentially lethal changes
in many of the cells. The larger increase in transformation efficiencies after incubation of
DTT-treated cells in YPDA broth may be due to enhanced survival of cells that had taken up
the plasmid DNA but were strongly damaged by the DTT treatment.

A few past reports of DNA uptake by cells have suggested that reducing agents such as DTT
may influence the process, but results have been contradictory. For example, Ito et al. (1983)
and Brzobohaty and Kovac (1986) observed that uptake of DNA into log phase yeast cells
was modestly increased by 2-mercaptoethanol in the presence of LiCl. However, Ito et al.
noted that other reducing agents such as DTT, L-cysteine and reduced glutathione were not
effective in their system. Another study described a procedure for log phase cells that
achieved modest efficiencies using solutions containing CaCl2 and DTT (Reddy and Maley,
1993). In addition, Hayama et al. (2002) demonstrated DNA uptake after incubation of early
log phase cells with PEG and oxidized glutathione (but not reduced glutathione), though
overall transformation efficiencies using this method were quite low (< 1,000 transformants
per µg DNA). Finally, we note that the one-step procedure of Chen et al. used here also
included DTT in the PEG/LiAc/DNA mixture in conjunction with a higher heat shock
temperature. Unlike the studies cited above, this one-step procedure employed early
stationary phase cells and reported efficiencies of 10,000 – 20,000 tranformants per µg
DNA, which is similar to the efficiencies achieved in the current study using the one-step
method.

DTT is a 4-carbon molecule containing 2 sulfhydryl groups that actively reduces disulfide
bridges within proteins, suggesting the possibility that it may disrupt disulfide bonds in one
or more cell surface proteins to facilitate entry of DNA. The chemical reaction mediated by
DTT requires that at least one of the two sulfhydryl groups, which have pKa values of 9.2
and 10.1, be deprotonated (Lukesh et al., 2012). Although the active deprotonated forms are
favored at higher pH values, experimental outcomes were not affected by varying the pH of
the DTT solution from 6.0 – 9.0 in the current study.

Several previous reports have demonstrated that DTT and other reducing agents can affect
disulfide bridges within proteins associated with cell surfaces, including receptor proteins,
ion channel proteins and other complexes (e.g., Kurata et al., 1998; Osawa et al., 2003,
Vilardaga et al., 1997). It is currently unclear what step in the process is being affected by
DTT, e.g., the reducing agent may alter proteins to affect association of DNA with the cell
exterior, passage of DNA into cells, and/or the stability of the DNA after it has entered cells.
Brzobohaty and Kovac (1986) determined that another reducing agent, 2-mercaptoethanol,
causes intracellular RNAs to leak out of yeast cells. If DTT acts similarly, this result
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suggests that the chemical may increase simple diffusion of biomolecules across the cell
wall and outer cell envelope.

In summary, we have demonstrated that a DMSO-based method for transformation of early
stationary phase yeast cells produces relatively high efficiencies that can be boosted further
by addition of DTT and by allowing cells to recover from the chemical treatment in rich
broth. A rapid procedure for transformation of overnight cultures was developed and
optimized, producing efficiencies of approximately 50,000 – 100,000 transformants per µg
of plasmid DNA. The method was shown to work well in several different yeast strain
backgrounds, including S288c, A364a and SK1 strains.
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Figure 1.
A DMSO-based protocol produces highest transformation efficiencies and can be improved
when cells are allowed to recover by incubation in broth. (A) Both one-step and DMSO-
containing protocols generated higher transformation efficiencies than a simpler PEG/LiAc
protocol. (B) Tris and EDTA are needed for maximum efficiency using the DMSO-based
protocol. (C) Resuspension of cells after heat shock in YPDA broth, YP broth (lacking
glucose and adenine), or phosphate-buffered saline (1×PBS) followed by immediate plating
does not improve colony formation, but (D) incubation at 30 °C for 40 min in YPDA and
YP media increased efficiency by 2-fold. Control, unmodified DMSO-based protocol. Error
bars indicate standard deviations.
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Figure 2.
Treatment with DTT increases efficiency of tranformation of early stationary phase cells
using the DMSO-based protocol. (A) Preincubation in 100 mM DTT, but not H2O, increases
colony formation. C, the standard DMSO protocol of Soni et al. without preincubation. (B)
Concentration-dependence of DTT stimulation after pretreatment at 42 °C for 20 min. (C)
Effect of pretreatment with DTT dissolved in H2O or 0.1 M Tris set to pH 6.0 – 9.0. (D)
Addition of DTT at the same time as PEG, LiAc, Tris and EDTA, eliminating the
preincubation step, also enhances transformation. (E) Colony formation is increased when
cells are allowed to recover in YPDA broth at 30 °C after transformations involving either
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pretreatment with DTT or inclusion of DTT in the PEG/LiAc mix. Error bars indicate
standard deviations.
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Figure 3.
Treatment with DTT increases colony formation in several yeast strain backgrounds. (A)
Cells were preincubated in 100 mM DTT at 42 °C for 20 min. (B) Cells were treated with
the standard mixture containing PEG, LiAc, Tris, EDTA and DNA supplemented with 100
mM DTT. Error bars indicate standard deviations.
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