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High efficiency transformation of intact yeast cells using single stranded

nucleic acids as a carrier

Robert H. Schiest!* and R. Daniel Gietz**

Department of Biology, University of Rochester. Rochester, NY 14627, USA

Summary. A method. using LiAc to vield competent
cells. is described that increased the efficiency of
genetic transformation of intact cells of Saccharomyces
cerevisiage to more than 1X10° transformants per
microgram of vector DNA and to 1.5% transformants
per viable cell. The use of single stranded. or heat
denaturated double stranded. nucleic acids as carrier
resulted in about a 100fold higher frequency of
transformation with plasmids containing the 2um
origin of replication. Single stranded DNA seems to be
responsible for the effect since M13 single stranded
DNA. as well as RNA, was effective. Boiled carrier
DNA did not vield any increased transformation
efficiencv using spheroplast formation to induce DNA
uptake, indicating a difference in the mechanism of
transformation with the two methods.
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Introduction

Transformation of the yeast Saccharomyces cerevisiac
was initiallv accomplished by spheroplast formation
before addition of the transforming DNA (Hinnen et
al. 1978; Beggs 1978). This method gives high transfor-
mation frequencies, from 3,000 up to 50,000 transfor-
mants per pg of plasmid DNA, with 2um vectors
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(Struhl et al. 1979: Broach et al. 1979: Beggs 1978} and
an cfficiency of up to one transformant per 10* viable
spheroplasts (Botstein et al. 1979). Another method.
using E. coli protoplasts fused to yeast spheroplasts,
vielded up to 10% transformed veast cells (Gyuris and
Duda 1986). The disadvantage of both these methods.
involving spheroplasts. lies in the fact that transforma-
tion is somewhat laborious, 1s associated with a high
frequency of cell fusion (Harashima et al. 1984), and
different strains vary considerably in their transforma-
tion competence, which seems to be inherited in a
polygenic manner (Johnston et al. 1981). A recently
developed method, which uses agitation with glass
beads (Constanzo and Fox 1988), is convenient but
gives a low transformation efficiency of up to 300
transformants per pg of vector DNA.

A simpler method has been developed using intact
veast cells and alkali cations, especially lithium acetate
and polyethylene-glycol (Ito etal. 1983), or PEG alone
(Klebe et al. 1983), to induce DNA uptake. Currently,
the method developed by Ito et al. (1983) seems to be
the most commonly used, despite the disadvantage that
it gives a lower transformation efficiency than the
spheroplast method, yielding about 100 transformants
per pg of plasmid containing the 2pm origin of
replication (Ito et al. 1983). Further development of
this procedure, using intact veast cells, vielded a
maximum of 7,000 colonies per pg of plasmid DNA
(Gietz and Sugino 1988; Brzobohaty and Kovac 1986;
Brushi et al. 1987; Keszenman-Pereyra and Hieda
1988) and an efficiency of up to four transformants per
10* yeast cells (Brushi et al. 1987).

In the present study we report a procedure for
transformation of intact yeast cells which routinely
vielded more than 10° transformants per ug of DNA
and an effictency of up to 1.5% transformed cells. This
procedure has been characterized for amounts and
type of carrier DNA, duration of heat shock, and a
number of other conditions.
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R, H. Schiestl Gietz and Sugino 1988

© The wrad-32 alicle 1y desenibed in Rose and Winston (1984}

? The fer 2 17 allele was constructed by P Hieter {personal communication)

SOThie his 20200 alkele s described incFasullo and Davies (1987)
U The arpl 1907 aliete wis constructed by M, Snvder

Materials and methods

Strains and media. The E0 colf strawn and the yeast strams used are
histed i Table 12 Growdinand munimal media were prepared. as
described previously (Schiestl and Wintersberger 1982) with the
exception that adenine sulfate (30 me/1y wus added to the YPD
mediurmn (YPAD ).

Transformation-and other procedures: Large scale plasmid 1solation
from E. cofi and electrophoresis of DNA was performed according to
Maniatis ¢t al. (1982). £ co/i transformation was carried out as
described in Hanahan (1983). Transformation of veastis described in
Fig. I: vananons are indicated in the individual experiments, For
Plasmid DNA isolation from yeast. essentially the method deseribed
by Hoffman and Winston (1987) was followed.

Plasmids. Plasmids YEplacl95 and YEplaci8l (Gietz and Sugino
1988). contain the URAJ gene and the LEU2 gene, respectively, as
selectable markers and:the 2<pum- origin of replication. for. autono-
mous replication in veast. YEplacl95 and YEplacl8] transform
veast at high frequency! In plasmid pDGY5 {constructed by R. [
Gietz, unpublished, published in Schiestl and Prakash 1988) the
Hindlll fragment (about 150 bp) of the H/53 gene has been deleted
and replaced by the URAJ gene. This plasmid was used for selection
for gene replacement (Rothstein 1983} A BamHI fragment of
plasmid pDGYI5. containing the T/RA3Y gene with flanking HIS3
sequences, was used for transformation and URA™ transformants
were selected. Plasmmid pYACI (Burke et al. 1987) contains the yeast
CEN4, ARSI, TRP1, HIS3 and URAJ sequences as well as telomere
sequences. Plasmid pYACS was digested with BamH1 to expose the
telomeres before transformation.

Preparation of Carrier DNA. DNA (Sigma - D1626 Type IIT Sodium
from Salmon Testes) was dissolved in TE (10.mM Tris/HCI pH 8.0,
I mM EDTA), 10 mg/ml, by drawing up and down ina 10 mi pipette.
It was then'incubated overnight at 4°C 1o give 2 homogenous viscous
solution. Following this it was sonicated twice for 30s with a large
probe at 3/4 power, The resublting DNA had an average size of Tkbas
judged from an ethidium bromide gel and ranged in size from 15~
2kb. Sonication, leading to carrier DNA with smaller average size
about 2+1 kb, dramatically reduced the transformation efficiency:
The DNA solution was extracted once with TE saturated phenol,
once with phenol (TE sat.):chloroform (50:50) and once with

chioroform. The DNA was then preapitated by adding 1/10 vol of
IM sodium acetate (pH 6.0) and 2.3 vol. of ice cold ethanol (995 ).
The precipitate was collected by centritugationat about: 12,000 g and
washed with 709 ethanol. partially dried under vacuum and then
redissolved 1o TE at 10me - ml o Followmg this) the DNA was
denatured in a botling water bath tor 20 min or in a microwave oven
by heating unul nouceably boithng. and then immediately cooled in
anice water bath: The DNAsolutoncanbe stored inahquots of - 207
C and thawed when needed, Repeated treezing and thawing does not
noticeable reduce the transformation efficiency

Sonicated salmon sperm carrier DNA was alkaline denatured by
adding 0.5 ml of 20N NaOH 1o Sml of I'mg/ml DNA in TE and
incubated avroom:temperature for. 10 min prior to the addition of
2mlof 3M ammonium acetate (pH 7.4y and 2.5 vol, of ethanol. The
solution was then incubated on ice Tor one b, The precipitate was
collected by centrifugation and washed with 705 ethanol, partially
dried under the vacuuny and then redissolved in TE at 10mg/mi.

Preparanion of RNA and single siranded M13 DNA. RNA was
extracted from logdritnmicallv growng yeast cells 'as described in
Jensen et al. (1983), Total nucleic acid was applied to an oligo dT
column according to the method of Avivand Leder (1972). The flow
through. devoid of poly. A7 mRNA, was collected and precipitated
by the addition of 2.5 vol of ice-cold 95% ethanol. The precipitate
was collected by centrifugation, washed with 70% ¢thanol and
dissolved in sterile double distitled water. Single stranded M13 mpl9
DNA was 1solated according to Kunkel et al. (1987).

Results

Two common methods have been used to promote
DNA uptake in yeast cells; lithium acetate treatment of
intact yeast cells (LiAc transformation; Ito et al. 1983)
and digestion of cell walls to produce spheroplasts
{spheroplast transformation; Beggs 1978; Hinnen et al.
1978). We have developed a method for high efficiency
transformation of intact yeast cells using LiAc trans-
formation. Fig. | outlines the procedure which in our
hands maximizedthe transformation:: efficiency...A
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Y Prepare DNA n microfuge (Brinkmany wbes, up to Sy of
rramstorming DNA and 200 pg of salmonsperm carnier DNAina
mavimum of 20uladd appropriate volume of 10 X TE. LiAcif
more than 20ul DNA solution s used (carrier DNA wus
prepured as deseribed in the Methods section, this is the most
important step for highest transformauon efficiency)

0. Add 2004l of veastsuspension to each microfuge tube

1. Incubare 0.5 h at 30°C with agiation

20 Add 1.2 ml stenbe 4007 PEG 4000 solution {404 PEG 4000,

I~ TE. 1 X LiAc, made fresh from sterile 30% PLG stock. and
serile 10X TE and 10X LA

13, Incubate 30 min at 30°C with agitation

t4. Heat shock for 15 min in a 42°C waterbath (Important)

15, Centrifuge tubes in:microfuge for 55

16. Wash cells twice with 0.5 ml sterile | X TE. throroughly resu-
spend cells each time with the help of a sterile toothpick

17 Resuspend in L'l of 1 X TE and plate 200 ul onto one selecuon
plate, {we found that the agar is important for the transformation
efficiency, Difco Agar gives the best results)

18, Incubate at 30°C unul transformants appear

This protocol 1s based on'the method initially developed by Tto etal.
(1983}, The above method routinely vields up to | X 107 wansfor-
mants per pg of DNA and up to 1357 transformed veast cells

Fig. 1. Protocol for high efficiency transformation of intact veast
cells using single stranded nucleic acids as carner
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number of different conditions have been evatuated for
theireffect on transformaton,

Medium and cultivation of cells

Addition of adenine in YPAD medium for the precul-
ture phase gave a slightly better transformation. effi-
ciency, especially with “ade” mutants. The highest
transformation efficiency was obtained when cells
were harvested at 1 X 10 cells/ml. or when an over-
night culture, grown to about 1107 cells/ml. was
diluted to 22X 10® cells/ml and allowed 10 grow for
another 1-2 generations. In this case the transforma-
tion efficiency was 3-fold higher than without reculu-
vanon.

Carrier DNA denaturation gives high transformation
ctficiency

The additon of various tvpes of carrier DNA to LiAc
transformation of intact yeast cells (Iro eral. 1983} with
the 2um plasmid YEPlacl95 (selection for URAJ™,
Gictz and Sugino, 1988) dramatically increases the
transformation efficiency with strain. LP2752-4B (Ta-
ble 1) for both types of carrer DNA used. Native
salmon sperm DNA gave a 20-fold increase and native
calf thymus DNA gave a 200-fold increase over
transformation levels without carrier (Table 2). Howe-
ver, in each case, when boiled and quickly chilled or
alkaline denatured carrier DNA was used, the transfor-
mation efficiency increased again. Denatured salmon
sperm DNA increased the transformation efficiency
another 100-fold while denatured calf thymus DNA

_gave a smaller 5-fold increase (Table 2).

In a systematic study the generality of this observa-
tion was extended to other 2 um plasmids, other types

Table 2. Influence of the treatment of carrier DNA on transformation efficiency

Carrnier Treatment of carrier Transformants;/ug of
Denaturation YEplacl95: Fold incr. pDGOS  Foldincr. YAC3 Fold incr.

None - - 37 IX 1.74 X 210 Ix
Salm. sp. Sonicated - 739 20 525 301X 211 X
Salm. sp. Sonicated Boiled 67,000 1,810 1,940 1118 2,550 12X
Salm. sp. Sonicated Alkaline treated 64,320 1,738% - - - -

Calf thymus Sonicated - 7.900 213X - - - -

Calf thymus Sonicated Boiled 37,000 1,000 - - - -

Salm. sp. Haelll digested  — 768 20K - - - —

Salm. sp. Haelll digested  Boiled 32,190 870X - - - -

100 ug of carrier DNA and a 10 min heat shock was used for each transformation. The DNA was boiled by incubation for 30 minin a boiling
water bath. Haelll digestion was carnied out with .5 units per ug DNA for 3h
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of transtformation cvents. other sources of carriecr DNA
and other veast strains. When another 2 um plasmid.,
YEPlacl®1 (selection for LEU2™. Gietz and Sugino
1988). was used the same increase in transtormation
efficiency was observed with denatured DNAand a
slighty higher transformation ctficiency was obtained
when compared to plasmud YEPlacl95 (data not
shown). The tfrequency of gene replacement and trans-
formation with a linear veast aruficial chromosome
was also increased 4- and 10-fold respectively, when
heat denatured. instead of native salmon sperm carrier,
DNA was used (Table 2). Plasmid pDG95 (constructed
bv R. D. Gietz. unpublished, published in Schiestl and
Prakash 1983) was used for selecuion of gene replace-
ment events (Rothstein 1983). The veast artificial
chromosome. YAC2 (Burke et al. 1987 was also used).
The relativelv lower increase, of only 4-fold. + *rans-
formation trequency by heat denatured DNA| may be
due to the tact that an additional step. namely recombi-
nation. is required to vield transformants. A large
number ot abortive transformants was always present.

Salmon sperm DNA was sheared for different time
periods with a sonicater and an aliquot was examined
on an agarose gel for size distribution: other aliquots
were used for transformation after boiling. Carrier
DNA, not sonicated. resulted in a transtormation
efficiency of 4.6 X 10* per pg of vector DNA. Peak
transformation ‘efficiency was reached with sonicated
carrier DNA of mean size 7kb, ranging from 15to 2 kb,
giving 5.5 X 10” transformants per pg of DNA. Decrea-
sing the size of carrier DNA 10 about 500 bp decreased
the transformation efficiency to 1.9 10* transfor-
mants per pg of vector DNA. Because reducing the
average M.W. of carrier DNA to 7kb gives the best
transformation efficiency, and because less viscous
DNA solutions are easier to handle, we recommend
reducing the size by sonication or by other means. We
found that shearing by passage through a 20 gauge
needle was unsatisfactory in reducing the average
M.W. enough to circumvent the formation of a gel
upon chilling after boiling the sample. After digestion
with a 1/2 unit per microgram for 3 h of the restriction
endonuclease Haelll, salmon sperm DNA was found
to enhance the transformation efficiency after boiling
(Table 2). Presumably other restriction enzymes would
be similarly effective if no sonicater were to be
available.

For most of this study, strain LP2752-4B (Table 1)
was used. The studyv was extended to other strains by
using RS35/2-10C. DBY747 and RS109-2A (Table 1).
The transformation efficiency for 2 um plasmids for all
of these strains increased at least 20-fold after boiling
of salmon sperm carrier DNA {(data not shown). In fact
we use this procedure routinely (Schiestl and Prakash
1988; Schiestl et al 1989; Gietz and Prakash 1988; and

papers in preparation) and so tar we have not found
anyv strain which did not grve a sausfactory high
transtormaton ctticiency.

Proof ot transformation

The putative transformants 1solated with the procedu-
re shown in Fig. | sanstied all genctic and molecular
requirements for genetic transformation in yeast.
Southern blots verified that the transformants in fact
contained the correct plasmids. Furthermore, plas-
mids could be isolated from veast cells which were
transformed with 2 um and CEN ARS plasmids. These
plasmids were transformed into E. coli. Also. integra-
ted plasmids could be rescued from veast after dige-
stion of veast DNA with appropriate restriction enzy-
mes and ligation. Restriction enzvme digests verified
that the correct plasmids were rescued. 2um and CEN
ARS plasmids conferred a mitotically and meiotically
unstable phenotype to the veast cells transformed with
this procedure and they were lost at frequencies
characteristic for the respective plasmids (Struhl
1983). This procedure was also used for the cloning of
different DNA repair and CDC genes in yeast. With
DNA fragments designed to replace or disrupt genes,
such as pDG95 which replaces the HIS3 gene with the
URA3 gene, 95% of the URAT transformants showed
the desired his™ phenotype (Schiestl and Prakash
1988). Different DNA repair genes were deleted with a
similar frequency (Schiestl and Prakash 1988; Schiestl
et al. 1989; Gietz and Prakash 1988: and papers in
preparation). Integration and deletion events obtai-
ned by this transformation method segregated as a
single genetic marker in a multitude of crosses. Thus
we conclude that the isolates obtained with this
improved method (Fig. 1) are due to genetic transfor-
mation.

Single stranded M 13 DNA and RNA as carrier give high
transformation efficiency

Theoretically, there could be two possible explanations
for the high transformation efficiency obtained after
boiling or alkaline treatment of carrier DNA. First, it
may be that an inhibitor of transformation 1s destroyed
by the boiling process or the alkaline treatment. In fact
when DNA from yeast isisolated, an inhibitor of E. coli
transformation copurifies with yeast DNA (Devenish
and Newlon 1982; Holm et al. 1986). Alternatively, and
more likely, the denaturation of DNA | and the presen-
ce of single stranded DNA, after boiling and alkaline
treatment 1s responsible for the increase in transforma-
tion efficiency.
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Table 4. Intluence of differént amounts of baled carrier DNA - oni
transformation etficiency

Amount of Transtormants uy Fold

carrer IINA of vector DI HICrease
0 37 N
10 g 720 20
50 pg 29.700 JO3X
160 g 37,000 LODOX
200 ng 42500 1.149X
300 pe 23.000 TSTX

Someated boiled sulmon sperm DNA was used as carrier.a 10 min
heat shock was applicd and YEPc193 was used as transforming
plasmid. Carrier DNA was boiled by mcubuuon for 0 minina water
bath

The issue of whethcr an inhibitor of transformaton
was inactivated, or wheter denatured DNA was acuve,
was approached by different means. First. we tried 1o
determine whether the DNA can be purified from such
a putative inhibitor of transformation using a CsCl/
EtBr gradient. Commercially available salmon sperm.
as well as calf thymus DNA, was first prepared as
indicated in the Materials and methods section and
further purified by a CsCl/EtBr gradient according to
Maniatis et al. (1982). Boiling the DNA again increased
the frequency of transformation with CsCl-punified
DNA about 100-fold when salmon sperm DNA was
used and $-fold when calf thymus DNA was used (data
not shown). Thus we were not able to purify the DNA
from a putative inhibitor of transformation.

On the other hand if denaturation of DNA, and
thus single stranded DNA regions, are required forthe
increase in transformation efficiency, single stranded
M13 DNA or even RNA may be as effective as boiled
double stranded DNA. The experiments in Table 3

show that, in fact. single stranded MI3DNA or RNA s
as effective as denatured salmon sperm carrier DNA,
Boiling increases the efficacy of single stranded M13
DNA only 2-fold and does notincrease the efficiency of
RNA 1108 also noticeable that somication of single
stranded M13 DNA. which in this case produced
fragments of less than 300 basepairs, decreased the
efficiency 10-fold which is also in agreement with the
data from boiled salmon sperm DNA. Furthermore,
when tRNA was used no increase in transformation
efficiency was observed (Table 3) presumably because
of ‘the small size-of tRNA. Thus, the increase in
transformation efficiency by single stranded DNA may
require a size of at least two kilobases. We conclude
that, most likely, the single strandedness in denatured
carrier DNA is responsible for the high transformation
cfficiency and that single stranded M13 DNA and
rRNA dre equally ¢fficient.

Additional factors affecting transformation efficiency

The transformation procedure was optimized in terms
of the amount of carrier DNA, duration of the heat
shock and the amount of transforming vector DNA_ In
Table 4 the effect of different amounts of boiled carrier
DNA on the frequency of transformation is shown. A
peak in transformation efficiency can be seen at 200 pg
of boiled carrier DNA per transformation batch. In the
rest of this study, utilizing 100 pg of carrier DNA, a
slightly suboptimal concentration employed.

The experiment shown in Table 5 demonstrates that
the length of incubation at 42°C before plating the cells
onto selective medium influences the number of trans-
formants. The application of a heat shock increased the
transformation efficiency about 8-fold with its peak at
15 min duration. A heat shock of 10 min was used inthe
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Table 6. Intluvnee of the reatment of carries DN an ransformation
cHicieney using spheroplasting 1o promote DN uptike

Strain Heat Transtorm- Relauve
denaturalion o unts per e pereent
of carrier DNA of plasmid

LP2752-4B None R0 120

LP2752:4B Roited &84 104

§3572-10C None 730 58

S§35,2-10C Botled 278 100)

100 mg of somicated salmon sperm DINA was tsed iy cirrier for each
transformation and YEPlac]95 was used as transforming plasmid,
Carrier DNA was boiled by incubation for 30 min oo a wuter bath

other experiments. [t has been previously described
that a 10 min incubation of cells on ice after the heat
shock increased the transtormation efficiency (Brushi
etal. 1987). This step was not effective in our procedure
and led to a slight decrease in transformation frequen-
cv {Table 5).

Other factorstested for theirinfluence on transfor:
mation are described below. Usually Difco Agar was
used in the selection plates, when Gibco Agar was used
only: 36 % of transformants were obtained from the
same dilution plates onto different plates, but no
difference in cell survival was detectable between the
two media. On selection medium made with purified
agarose cells grew poorly and only 39% of transfor-
mants were . obtained as compared to. Difco Agar,
Addition of 1 molar sorbitol to the selection medium
decreased the transformation efficiency to 50%. Om-
mission of EDTA from all transformation solutions
had no detectable effect on the transformation efficien-
¢y with 2 um vectors; ommission of Tris/HC! reduced

the transtormanon elticiency 10-fold. In transforma-
ton of spheroplasts regencration of cells in 3077 YPD
for 20 mun, which was then added to the plating mix
(Hinnen et al. 1978). is benelicial to the cells before
pliting onto sclective medium. When we used the same
incubation.in YPD in our transformation method the
efficiency decreased slightly. Whenever possible, di-
sposables should be used to handle cells and media: if
dishes are to be reused extreme care should be taken in
cleaming. Traces of soap seenm 1o greatly reduce the
transformanon efficiency.

Transtormation of spheroplasts does not increase
wn efficiency with boiled carrier DNA

The transformation protocol using spheroplast forma-
ton to facihtate DNA uptake gives a high transforma-
uon efficiency in the absence of boiled carrier DNA
{Beggs 1978 Broach et al. 1979). Therefore we cxami-
ned whether the cfficiency can be further increased
when-batled carrier. DNA was.used. For.both strains
tested with this protocol, boiling of the carrier DNA
did not increase the transformation efficiency (Table
6). This indicates that the two transformation procedu-
res. using spheroplast formation of LiAc treatment,
may be based on different mechanisms of DNA
uptake.

Discussion

We have developed an improved veast rransformation
method (Fig. 1), using LiAc to induce DNA uptake (Ito
et al. 1983), which reproducibly vields more than 10°
transformants per pg of vector DNA and up to 1.5%
transformed cells. To our knowledge this is the highest
transformation efficiency reported ‘in yeast with a
method using LiAc to induce DNA uptake. We found
that heat denatured DDNA, or single stranded nuclei¢
acids as carrier, are {ar more effective in our transfor-
mation protocol than is native double stranded DNA.
The addition of native carrier DNA 1o heat denatured
carrier DNA specifically decreased the transformation
efficiency. Analmost linear increase of the number of
transformants with increasing amounts of transfor-
ming plasmid DNA has been obtained in the range of
one nanogram up to 5 microgram of plasmid DNA per
transformation batch. Heat denatured carrier DNA
did not increase the transformation efficiency using
spheroplast formation to induce DNA uptake.
Previously reporied frequencies of transformation
using LiAc to promote DNA uptake ranged between
400 and 7,000 colonies per pg of plasmid DNA (lto et
al. 1983; Gietz and Sugino 1988; Brzobohatv and



hoves 1986: Brushi et al. 1987 Keszenman-Perevra
and Hieda 1988). and an clficiency of up 1o four
transtormants per 10° veast cells (Brushi ot all 19873
Another method. using spheroplast formation to indu-
ce DN A uptake. gave higher transformanon frequen-
cies of 2.000 to 50.000 transformants per g of plasmid
DNA with 2 um vectors {Struhl et all 1979 Broach et
al. 1979 Beggs 1978 and a vield of up 1o one
transformant per 107 viable spheroplasts (Botstein et
al. 19793, The main reason for rescarchers continuing
1o usz the method involving spheroplast tormation is
probabis the higher transformation efficiency i spite
of the disadvantages that this method 15 somewhat
more aborious and more complex to control in 1ts
conditions and that n is associated with a high
frequency of cell fusion (Harashima et al. 1984). Since
our method gives an even higher efficiencey than the
spheroplast method 1t will be especially useful in
approaches requiring high transformation competen-
ce. Thus. our method has already successfully been
used to clone different genes in veast and four different
strains cave about the same high transformation
efficiency. Furthermore, we have transformed an ex-
tensive number of strains and have not found any
strain which did not give a sausfactonily high transfor-
mation 2fficiency.

Very little is known about the molecular mechanism
of veast transformation and which specific events are
involved. Using LiAc to induce DNA uptake we have
shown in this paper that single stranded nucleic acids as
carrier DNA substantially increase the transformation
efficiency as compared to double stranded carner
DNA. A 10-fold difference in transformation efficien-
¢v between native calf thymus and salmon sperm
carrier DNA has been observed in Table 2. Calf thymus
is a metabolically active tissue and DNA 1s expressed.
whereas during spermatogenesis in cucarvotes' the
composition of proteins changes and structural rear-
rangements occur in the chromatin which lead to
condensation and repression of the chromatin (Bloch
1976). The source and method of isolation may be
responsible for producing more single stranded regions
in the calf thymus than in the salmon sperm DNA used.
This mav explain the fact that for calf thymus DNA a
higher level of transformation was observed with
native DNA but a similar fevel was observed with heat
denatured DNA.

The mechanisms responsible for transformation
using spheroplast formation versus LiAc treatment to
induce DNA uptake seem quite different in several
respects. Spheroplast formation is accompanied by a
low plating efficiency, presumably due 1o cell lysis, and
It is true to a certain extent that a lower plating
efficiency gives a higher transformation efficiency
{Orr-Weaver et al. 1983). For this transformation

]
i
]

method an tsotomie medium. usually one molar sorbi-
tol, 1s absolutedy required 1o give transformants. With
our procedure we found that the plaung efficiency after
treatment 1s higher rhan 8600 and moreover one molar
sorbitol reduces the transformauon efficiency. In the
spheroplast transformation method, cell ivsis probably
leads 1o a release of nucleases from lvsed cells and
double stranded carrier DNA inereases the transfor-
mation cfficiency (Orr-Weaver et al. 1983), probably
by diluting the effect of the nucleases on the transfor-
ming vector DNAL Thus the shight decrease in sphero-
plast transformation efficiency with heat denatured
carrier DNA versus native double stranded DNA
{Table 6) could be explained if heat denatured carrier
DNA could not protect the transforming vector DNA
as well as double stranded DNA f{rom nucleases
released by cell lysis. LiAc treatment does not seem to
be associated with cell Ivsis and the specific require-
ment for single stranded nucleic acids as carrier may
reflect a specific requirement of the mechanism of
uptake of DNA by intact cells in this procedure rather
than simply dilution of nucleases.

The increase in the transformation frequency by
heat denatured DNA s likely the result of its single
strandedness, rather than a destruction of an inhibitor
of transformation, since the same effect has been
obtained with alkaline denatured DNA and with DNA
purified by CsCl/EtBr gradient centrifugation. Fur-
thermore single stranded M13 DNA and rRNA are just
as effective.

Since spheroplasts can be transformed with high
efficiency (Struhl et al. 1979; Broach er al. 1979; Beggs
1978), it may be assumed that the cell wall acts as a
barrier in transformation as has also been suggested
by other studies {(Brushi and Howe 1985). The cell
wall of cells treated with Li™, and a variety of other
agents which enhance genetic transformation in yeast,
becomes porous and leaky for nucleic acids, because
RNA was found in the supernatant of cells treated
with LiAc and SDS, but not in the supernatant of cells
treated with SDS alone (Brzobohaty and Kovac
1986). Thus, pores may be present in Li7-treated cells
through which vector DNA can enter the cell. In
addition, Brushi et al. {1987) have shown that up to
the point of removal of the PEG and DNA solution,
transformation is still completely DNAse I-sensitive.
This suggests that the transforming DNA 15 still
accessible to the enzyme, and the cells have not yet
taken up the vector DNA. Thus, the cell wall may play
a part in accessibility of the transforming DNA to the
yeast plasma membrane. Single stranded nucleic acids
may enter the cell and carry the vector DNA along. It
may also be possible that DNA uptake is an active
process, and this mechanism may be induced by single
stranded DNA.
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The described rransformation  protocol. will be
useful torapproaches requinng high efficient transfor-
mation. such as cloning of genes vr o study recombi-
nation with 1 vive construcred substrates. Ttas also
hoped that this method will be usetul for strams in
which other methods work poorlve In tact we have
never encountered-any problem-with-an extensive list
of strains. Our protocol may contribute (o the under-
standing of DNA uptake by intact cells and will be

useful 1y studies armed at further characterization of

this process. Lastly. since single stranded DNA mav be
a specific requirement for intact veast cells to take up
DNAL this may also be true for other organisms and 1t
mav be worth while to tryv i svstems where currently
only poor transformauon efficiencies can be obtained.
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