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Abstract

Understanding of the molecular system for DNA delivery into eucaryotic cells, a key to human DNA therapy, remains obscure.
To understand this system, we undertook a study using the Saccharomyces cerevisiae model into which DNA delivery is easily
assessed through competence (transformability) and for which all nonessential gene mutants (about 5000 strains) are available. We
analyzed the competence of each of these mutants and identified three low-competence mutants, i.e., sin34, she4A, and arc184, and
three high-competence mutants, i.e., pde2 A, spf14, and pmrl A. Through further studies using the six mutants, we concluded that the
Arp2/3 activation machinery involving the Myo3/5p, Vrplp, Lasl7p, Panlp, and Arp2/3 complex is crucial to delivery (compe-
tence), and that high cAMP enhances competence via protein kinase A installing Tpk3p. We also propose that DNA is taken up via
an endocytosis-like event, being at least partially different from well-known endocytosis.
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Protein kinase A

The molecular system for DNA delivery into eucar-
yotic cells, a key to practical human DNA therapy, re-
mains to be clarified, even for Saccharomyces cerevisiae.
We consider this organism suitable for studying eucar-
yotic DNA delivery because all nonessential gene mu-
tants (about 5000 strains) are available and delivery is
easily assessed through competence (transformability),
which is expressed as colony numbers of transformants.
Although competence conventionally requires artificial
procedures [1-3] using lithium, electroporation, and
spheroplasts, we developed simple transformation in
which transformants of an order exceeding 10> per
1.0 ug DNA were obtained from about 107 viable cells
by simply incubating live cells with DNA and polyeth-
ylene glycol for 1h [4]. By analyzing the competence of
all nonessential gene mutants of S. cerevisiae using a
simple method less artificial and less injurious to intact
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cells than previous methods [1-3], we expected to obtain
molecular insights into DNA delivery for eucaryotic
cells. Here we show detail molecular insights obtained
through this approach.

Materials and methods

Strains, media, and plasmids. Nonessential gene mutants (about 5000
strains), for which each nonessential gene was replaced with kan M X4 in
haploid BY4739 (MATu leu2A0 lys240 ura340) and BY4742 (MATw
leu2 A0 lys2A0 ura3A0 his3A1), were purchased from EUROSCARF.
Other strains were kindly provided as follows: HA31-9c (MATa canl-
100 ade2-1 his3-11 leu2-3 112 ura3-1 trpl-1 myo3.:: HIS3 myo5::TRPI)
by Dr. L.A. Pon; IDY223 (M ATa his3 leu2 ura3 trpl ade2 las17:: LEU2)
by Dr. M. Crouzet; T8-1D (MATo SUPI11 ade2-1 mod5-1 ura3-1 lys2-1
leu2-3, 112 his4-519), TZ81 (T8-1D pani-9) by Dr. T. Zoladek;
BWY 1041 (MATa his3 leu2 ura3 trpl lys2 panl-20) by Dr. B. Wendland;
SEY5017 (MATa secl-1 ura3-52 leu2-3, 112 suc2-9) by Dr. S.D. Emr;
RSY275 (MATo sec20-1 ura3 his4), S21PP-6C (MATa sec21-1 ura3
leu2), WBY6 (MATu sec27-1 ura3 leu2 lys2 ade2), and PC137 (MATa
tip20-5 ura3 leu2 his4 trpl lys2 suc2-9) by Dr. H.D. Schmitt; YW00343
(MATo ura3-1 his3-11, 15 leu2-3, 112 trpl-1 ade2-1 canl-100 prcl-1),
YWO00470 (YWOO0343 sec61-2) by Dr. D.H. Wolf; and SEY6210
(MATo leu2-3, 112 ura3-52 his3-4200 trp1-4901 lys2-801 suc2-A9 mel-),
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BKY3 (SEY6210 usel::TRPI usel-0 layer) by Dr. G. Fischer von
Mollard. Strains were cultured at 30 °C in YPD, if necessary with 0.2 mg/
ml geneticin, or SD (pH 5.0) containing appropriate nutrients. YEp13,
YCp50, and pRS413 were used for transformation. Other plasmids were
kindly provided as follows: SHE4 in pRS316, YEplac195 bearing SHE4,
MYOS5, MYOS5 (V1641),and M YOS5 (N209S) by Dr. K. Tanaka; SIN3 in
YCp50 by Dr. DJ. Stillman; SPFI in YEplacl95 by Dr. C. Suzuki;
PDE2 in YEp24 by Dr. A. Toh-e; and PMRI in B2205 by K.W.
Cunningham. ARCI8 flanking the 5'-460-bp and 3'-190-bp was cloned
from genomic DNA of BY4742 in YCplac33 via PCR with the following
primers: 5-TAACCGCAGGAAAAGAGATGAATTG-3 and 5-GA
ACAAAACACAAATAAGACTTG-3'.

Check of competence. Our simple transformation was done as de-
scribed elsewhere [4]. Briefly, for the first screening, cells of each mu-
tant precultured on YPD plates were cultivated in 4 ml YPD for 5-6h,
collected, suspended in TE (10mM Tris—-HCI, pH 8.0, and 1mM
EDTA), and incubated with YEp13 (1pg) and polyethylene glycol
4000 (Nacalai Tesque, Japan, final 35% w/v) in 120 pl suspension for
1 h at 30°C. Then, after the suspension was heated for 5min at 42 °C,
cells were collected and spread onto selective SD plates (method I). To
further determine competence, cells were precultured overnight in
YPD, transferred to 14ml YPD to Agy of 0.10, and cultured to reach
Agoo of 0.30-0.60. Cells were treated as above except that (i) cell sus-
pension was divided into two parts because two plasmids, YEp13 and
YCp50, 2.5 ng, were used; (ii) after 42 °C treatment, cells were collected
and supernatant was completely removed; (iii) cells were resuspended
in 1.0ml TE; (iv) from the suspension, 10 pul was taken and diluted in
TE to count viable cell numbers by spreading on YPD or SD plates;
and (v) cells were spread onto selective SD plates after collection
(method II). In the complementation test, a mutant carrying each
plasmid was precultured in SD medium to retain the plasmid. In an
unpermissive condition, the cell suspension was preincubated for 1 h at
37°C, and after the addition of DNA and polyethylene glycol, the
suspension was further incubated for 1h at 37°C. Competence was
usually assessed by two terms: (i) transformants, i.e., the number of
transformants observed on selective plates; and (ii) frequency, i.e.,
[transformants] [viable cell number]™!; and was expressed as times
compared to that of the wild-type strain (WT). Except for the first
screening, all competence was checked using method II.

Screening for low-competence mutants. Low-competence mutants
showing 0-2 transformants were selected by method I and again
checked by method I. The competence of mutants exhibiting 0-2
transformants, not frequency, in both duplicated assays was checked
three times by method II. Mutants showing both less than 20%
transformants and frequency by both two plasmids in all experiments
were selected as having low competence.

Screening for high-competence mutants. Based on the first screening
by method I, we selected 36 mutants with 20 times more transformants
than the WT. Then, the competence of mutants was examined by
method II, and 6 mutants with 10 times more transformants or fre-
quency were selected. Finally, after another 6 examinations with
method II, 3 strains were identified as described in the text. Two strains
were excluded because they showed the same degree of competence as
WT in 1 experiment, and another was excluded because the result of
the complementation test was not as reliable as desired.

Results and discussion
Identification of low- and high-competence mutants

We analyzed the competence of all nonessential gene
mutants of S. cerevisiae using the simple method [4]

detailed under Materials and methods. We roughly se-
lected mutants with low and high competence using

method I, identifying three each with low (Fig. 1A) and
high (Fig. 1C) competence after assessing competence
several times by method II. The three low-competence
mutants were she4A, arcl8A4, and sin3A, where she4A
and arcl84 had much lower competence than sin3A
(Fig. 1A). This low competence was complemented
(enhanced) by introducing each of the corresponding
native genes, SHE4, ARCI8, and SIN3 (Fig. 1B). We
found no mutant completely lacking in competence,
suggesting that genes critical for competence are essen-
tial and/or that genes involved in competence share re-
dundant functions. The three high-competence mutants
were spflA, pde2A, and pmrliA (Fig. 1C). Their high
competence was decreased by introducing each of the
corresponding native genes, where although the com-
petence of pmriA was not higher than that of WT, in-
troduction of native PMRI into spfliA decreased the
competence of spfi4 (Fig. 1D), suggesting that pmri A is
a mutant with high competence, but with competence
lower than those of spf14 and pde2 A, which agrees with
screening results (Fig. 1C).

Although our approach may have missed some low-
and high-competence mutants, we believe that compe-
tence (DNA delivery) of S. cerevisiae can be understood
by using the six low- and high-competence mutants as
starting points and by reassessing competence of other
nonessential and essential gene mutants in relation to
these six mutants. Indeed, we obtained insights into
competence detailed below.

Molecular motor Myo3/5p is required for competence

she4 A, which had the lowest competence (Fig. 1A), is
deficient in endocytosis, polarization of actin patches
[5,6], and mother-cell-specific HO expression [7]. We
focused on molecular motor-type I myosins Myo3p and
Myo5p, which are functionally redundunt [8], because
Toi et al. [5] previously proposed that she44 phenotypes
such as defects in endocytosis and actin polarization are
due to the dysfunctions of Myo3/5p, and Shedp func-
tions as a molecular chaperone for Myo3/5p, based on
their results that Shedp interacted with Myo3/5p, and
the she4A phenotypes were suppressed by mutated
MYOS5S, including MYOS5 (V1641) and M YOS5 (N209S).
We studied the effects of native and mutated M YOS5 on
the low competence of she44 and found that she4A4
competence was enhanced by introducing each of native
SHE4, mutated MYO5 (V1641), and mutated M YOS5
(N209S), but not by native M YOS5 (Fig. 2A). In accor-
dance with the redundant functions of Myo3/5p, a single
mutant for Myo3/5p, each of myo34 and myo54,
showed no low competence, while a double mutant
(myo34 myo5A) exhibited low competence (data not
shown). We therefore concluded that the low compe-
tence of she4A is caused by the dysfunctions of Myo3/
5p, i.e., that competence requires functional Myo3/5p.
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Fig. 1. Low- and high-competence mutants. (A) Relative numbers of transformants with YEp13 (2.5 ng; purple) and YCpS0 (2.5 pg; red), and
frequency ([transformants] [viable cell numbers]~') with YEp13 (yellow) and YCp50 (light blue), using WT (BY4742) as 1.0. (B) Complementation
tests. Relative frequency with YEp13 (2.5 ug) of mutants and WT carrying corresponding native gene in centromeric vector (+) or vector alone (-),
using each WT/vector frequency as 1.0. (C) Relative numbers of transformants and frequency as in (A). (D) Complementation tests. Relative fre-
quency of mutants and WT carrying corresponding native genes in 2-pum vector (+) or vector alone (), as 1.0 as in (B). Averages and minimum/
maximum of three (A, B, D) and seven (C) independent experiments are shown.

Arp2/3 activation machinery is required for competence

arcl84, which had the second lowest competence
(Fig. 1A), lacks a subunit of the Arp2/3 complex [9]. The
Arp2/3 complex consists of seven subunits (Arp2p,
Arp3p, Arc35p, Arcl9p, Arcl8p, ArclSp, and Arc40p),
each of which has been shown to contribute differently
to the assembly and function of the complex [9]. We thus
attributed the low competence of arcl84 to the dys-
function of the Arp2/3 complex, although we could not
assess the competence of mutants lacking each of the
subunits other than Arcl8p because these mutants were
not included in our mutant set.

The Arp2/3 complex functions in actin assembly [10].
Regarding the function of the complex, it has been re-
ported that Myo3/5p, Vrplp, and Lasl7p cooperate to
activate the Arp2/3 complex and to control Arp2/3-
mediated actin assembly [11-13], and that Panlp also
activates the Arp2/3 complex [14]. Our conclusions that

the dysfunctions of Myo3/5 and the Arp2/3 complex
cause low competence lead to a hypothesis that activa-
tion of the complex is required for competence. To
substantiate the hypothesis, we rechecked the compe-
tence of vrplA and checked the competence of lasi74
[11,13], pani-94, and pani-204 [6], none of which were
included in our mutant set but were kindly provided as
indicated. As expected, we found that vrplA, lasi74,
panl-94, and pani-204 showed low competence
(Fig. 2B)—a finding also confirmed by the complemen-
tation test (Fig. 2C). We therefore concluded that the
functional machinery consisting of Myo3/5p, Vrplp,
Las17p, Panlp, and Arp2/3 complex—which we tenta-
tively term Arp2/3 activation machinery—is required for
competence. Although the cooperation of Panlp with
other components (Myo3/5p, Vrplp, and Lasl7p) has
not been evidenced biochemically, a genetic interaction
between LAS17 and PANI [14] indicates their functional
cooperation as machinery. Functional redundancies of
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Fig. 2. Competence involves Arp2/3 activation machinery. (A) Complementation tests for she44. Relative frequency with YEp13 (2.5 pug) of she44
carrying each gene in 2-um vector, using each WT/vector frequency as 1.0. In every experiment, the competence of she44 carrying each vector alone
and native M YOS5 was always lower than those of others. (B) The competence of mutants lacking in Arp2/3 activation machinery as in Fig. 1A,
except that WT for pani-94 and pani-204 were T8-1D and SEY6210, and that pRS413 (2.5 pg; purple) and YCp50 (2.5 pg; red) were used for lasl74.
(C) Complementation tests. Relative frequency of mutants and WT as in Fig. 1B carrying corresponding native genes in centromeric vector (+) or
vector alone (—), except that pRS413 (2.5 ug) was used for lasl/7A4. In every experiment, the competence of the mutant-carrying vector alone was
always lower than that of the mutant-carrying native gene. (A—C) Averages and minimum/maximum of four independent experiments are shown.

the components in the Arp2/3-activation machinery
[8,11-14] would explain why no mutants of the compo-
nent showed a complete lack of competence.

Endocytosis is possibly required for uptake step of DNA

Endocytosis is a vesicular transport pathway used
by eucaryotic cells to internalize plasma membrane
molecules, extracellular fluid, and particles [15,16]. In
S. cerevisiae, endocytosis has been assayed through o-
factor internalization (receptor-mediated endocytosis)
and the uptake of lucifer yellow (fluid-phase endocyto-
sis) and of FM4-64 (membrane uptake), through which
almost all endocytic mutants have been identified
[5,6,11,13-21]. Accumulating data from eucaryotic cells
including S. cerevisiae has led to the proposal of two
models for the internalization step for endocytosis, i.e.,
(1) the nucleation and polymerization of actin itself

provide a force pushing vesicles away from the plasma
membrane, and (ii) along actin filaments, the vesicle is
transported into cytosol from the membrane by molec-
ular motor Myo3/5p, which can bind actin and possibly
membrane [16]. For each case, an activation of the
Arp2/3 complex, requiring Myo3/5p, Vrplp, and
Lasl17p, has been proposed as required [16]. Accord-
ingly, endocytic defects have been reported in arp2-14
[17], arp354 (end9-1A) [18], myo34 myo5-1A4 [19], vrplA
[13], and lasi74 [11,13], and in she4 4 [5,6]. Panlp is also
regarded as being involved in endocytosis, because
Panlp interacts with other endocytic components such
as Entl/2p [14] and panl-204 also showed endocytic
defects [6]. Thus, from our conclusion that Arp2/3 ac-
tivation machinery is required for competence, we pro-
pose that endocytosis is required for the DNA uptake
step into S. cerevisiae. This proposition appears to be
supported in part by the fact that (i) we found no
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mutants completely lacking in competence in nones-
sential gene mutants defective in cell membrane pro-
teins, indicating that endogenous DNA may not be
transported into cell through membrane-located prote-
inous transporters; and that (ii) competence is enhanced
temperature-dependently [4].

As a result of our reassessment of the competence of
other endocytic mutants included in our set, such as

w
o

L]
(=]

Relative Transformants and
Frequency (fold)
>

tok1A  tok2 A tpk3A  WT

Fig. 3. Competence involves PKA. Competence of mutants deleted in
each of the three catalytic subunits of PKA, tpklA4, tpk2A, and tpk34,
as in Fig. 1A. Average and minimum/maximum of four independent
experiments are shown. In every experiment, the competence of tpk34,
was always lower than that of tpkl4 and tpk24.

sac6A, end3A, rvsl61A, rvsl674, akrlA, erg24 [15,16],
slal A [20], ip6kA (keslA), and ipmkA (arg824) [21], we
found, however, that they showed no low competence
(usual competence). The interpretation for this result is
as follows: endocytosis for DNA delivery simply re-
quires Arp2/3 activation machinery and not other well-
known endocytic components, such as Sac6p, End3p,
Rvs161p, Rvsl67p, Akrlp, Erg2p, Slalp, Keslp, and
Arg82p, and therefore requires no ergosterol and ino-
sitol pyrophosphates, which are biosynthesized by
Erg2p and Kcslp/Arg82p [16,21], also indicating that
endocytosis for DNA delivery differs, at least in part,
from well-known endocytosis characterized previously
using a-factor, lucifer yellow, and FM4-64. Indeed, in S.
cerevisiae, the unique invagination of plasma mem-
branes has been observed, where invagination is distin-
guished from that for receptor-mediated endocytosis
and appears to be associated with actin patch compo-
nents [22], leading us to presume that DNA may be
taken up through invagination in an endocytic manner.

DNA is not delivered to the nucleus through the same
retrograde pathway as that for killer toxin K28

It has been proposed that the killer toxin K28 poly-
peptide is uptaken by endocytosis, to travel to the nu-
cleus via Golgi to ER retrograde transport in S.
cerevisiae [23]. A basis for this proposition is that erdi A
and cnel A showed resistance to the toxin [23]. We re-
checked the competence of erdl A and cnel A and found

DNA

Endo-
cytosis ?

Arp2/3 activation

machinery

Plasma
membrane Appropriate content of PE ?

Fig. 4. Molecular insights on DNA delivery into S. cerevisiae. Dashed arrows indicate interactions among components involved in competence as
described in the text. Arp2/3 activation machinery consists of Arp2/3 complex (green), Myo3/5p (black), Vrplp (purple), Las17p (blue), and Panlp
(brown) [11-14].
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that none of the mutants show low competence, indi-
cating that DNA is not delivered to the nucleus via the
same route traveled by killer toxin K28. We also did not
detect low competence in temperature-sensitive mutants,
even in an unpermissive condition (Materials and
methods), such as secl-14 [24], sec20-14, sec2l-14,
sec27-1A, tip20-5A4 [25], sec61-24 [26], and usel A (usel-0
layer) [27], where the mutants lack in retrograde- or
vesicular-transport relating essential genes.

Proper content of phosphatidylethanolamine is possibly
required for competence

We found another mutant, sin34, had low compe-
tence (Fig. 1A). Sin3p is a negative regulator of early
metiotic genes, the HO gene, the TRK2 (low-affinity K*
transporter) gene, and several phospholipid biosynthetic
genes [28,29]. Although it is well accepted that Sin3p
functions in concert with Ume6p and Rpd3p in several
cases [28], ume64 and rpd34 showed no low compe-
tence, indicating that effects caused by the disruption of
SIN3 alone relate to low competence. One remarkable
phenotype of sin34 is the lack of phosphatidylethanol-
amine (PE) in membranes [28]. It has been proposed
that this compound affects membrane properties [30].
We thus attribute the low competence of sin3A4 to the
decreased content of PE in membranes, impairing the
proper function of membranes required for DNA de-
livery. Taken together with the above results, we suggest
that PE, not ergosterol and inositol pyrophosphates, is
required for competence.

Increased cA M P enhances competence via protein kinase A

pde2 A, which lacks high-affinity cAMP phosphodi-
esterase [31], showed high competence (Fig. 1C). In
pde2 A, basal cAMP is elevated [32]. pdel A lacking low-
affinity cAMP phosphodiesterase where the cAMP level
is not affected [32] showed no high competence. We
therefore predicted that elevated basal cCAMP enhances
competence. Tpklp, Tpk2p, and Tpk3p are redundant
catalytic subunits of protein kinase A (PKA), which is a
major cAMP target in the Ras—cAMP pathway [32]. As
shown in Fig. 3, tpk3 4 exhibited lower competence than
tpklA and tpk24, suggesting that the Ras—cAMP path-
way, where Tpk3p is installed in PKA, enhances com-
petence, and that the pathway involving Tpklp or
Tpk2p in PKA decreases competence. We failed to de-
termine the target of PKA, however, because we de-
tected no effect on the competence of msn24, msndA,
riml54, or sok2A, in which known transcription factors
controlled by PKA are disrupted [32]. The genome-wide
transcriptional profiling of mutant deleted individually
in tpklA, tpk2A, and tpk3A [33] should aid in under-
standing how cAMP and PKA influence competence.
Our findings on the competence of tpklA, tpk2A, and

tpk3A should also facilitate an understanding of the
individual functions of the three catalytic subunits, es-
pecially of Tpk3p, whose function has not been well
assigned by genome-wide transcriptional profiling [33].

High competence of pmrlA and spfiA is not caused by
dysfunction of cell wall structure, increased expressions of
calcineurin-dependent genes, and unfolded protein response

It has been proposed that Spflp, as an endoplasmic
reticulum-located P-type ATPase, is involved in Ca’*
homeostasis in ER [34,35]. Pmrlp is also Golgi-located
Mn?*/Ca®** P-type ATPase [36]. Disruption of PMRI or
SPFI thus alternates ER-Golgi functions, resulting in a
wide variety of phenotypes including dysfunction of the
cell wall structure, elevated expression of calcineurin-
dependent genes, and the activation of unfolded protein
response (UPR) [34-36].

We could not attribute the high competence of pmriA
and spfiA to the dysfunction of the cell wall structure,
being a lack of glycosylation of cell wall proteins
(mannoprotein) and the consequent lack of negative-
charged phosphomannose [37], because we could not
confirm high competence in mutants [37] deficient in N-
linked (mnn94 and ochiA), O-linked glycosylation
(kre2A), and phosphomannosylation (mnn64). In pmri A
and spfl 4, the expression of specific genes such as FKS2,
PMCI, and ENAI is elevated calcineurin-dependently
[35], leading to the hypothesis that high competence is
caused by the high expression of calcineurin-dependent
genes. This hypothesis appeared to be denied, however,
because (i) WT (grown in the presence of 30 pg/ml calci-
neurin inhibitor, cyclosporin A) and (ii) ¢crzI A and cnbi1 A
showed no low competence, where the expression of cal-
cineurin-dependent genes is perturbed in the presence of
cyclosporin A [35] and in ¢rzI 4 and cnbl A [38]. In spfl A,
but not in pmriA, UPR is constitutively activated [35].
Although we assumed that UPR increased competence in
at least spf1 4, this supposition was also ruled out because
(1) hacl A and irel A showed no high competence, where
hacl A is a UPR-deficient strain and /RE] is a key com-
ponent in UPR; and (i) WT also exhibited no high
competence when grown in the presence of 1 pg/ml tu-
nicamycin or 4 mM DTT, both of which activate the UPR
of the WT to the same degree as spf14 [35].

The double mutants pkl”ApmriA, spflAarp2-334,
and spfi Aarc40-404 have been shown to be lethal [39,40],
where tpk1" A has elevated cAMP [39], suggesting a rela-
tionship between cAMP and Pmrlp, and between Spflp
and the Arp2/3 complex. These genetic interactions may
be associated with the mechanism of competence.

Perspectives

As detailed above, we obtained molecular insights
on S. cerevisiae competence (DNA delivery into this
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organism) (Fig. 4). Many questions remain to be clari-
fied, however, e.g., how Arp2/3 activation machinery
participates in the DNA uptake step, probably via an
endocytosis-like event, how the event can be distin-
guished from other endocytosis, and how DNA travels
to the nucleus. We have not yet elucidated how high
cAMP increases competence via PKA, and why pmriA
and spf14 show high competence. This report is, to the
best of our knowledge, the first detailing molecular in-
sights on DNA delivery into S. cerevisiae, a suitable
point for elucidating the system of this organism and
those of other eucaryotic cells.

Acknowledgments

We thank Drs. L.A. Pon, M. Crouzet, T. Zoladek, B. Wendland,
S.D. Emr, H.D. Schmitt, D.H. Wolf, G. Fischer von Mollard, K.
Tanaka, D.J. Stillman, C. Suzuki, A. Toh-e, and K.W. Cunningham
for providing the materials used. We also thank Drs. G.R. Fink and H.
Riezman for reviewing this paper and making invaluable suggestions.
This work was supported in part by the Program for Promotion of
Basic Research Activities for Innovative Biosciences (PROBRAIN).

References

[1] H. Ito, Y. Fukuda, K. Murata, A. Kimura, Transformation of
intact yeast cells treated with alkali cations, J. Bacteriol. 153
(1983) 163-168.

[2] O.M. Becker, L. Guarente, High-efficiency transformation of
yeast by electroporation, Methods Enzymol. 194 (1991) 182-187.

[3] A. Hinnen, J.B. Hicks, G.R. Fink, Transformation of yeast, Proc.
Natl. Acad. Sci. USA 75 (1978) 1929-1933.

[4] Y. Hayama, Y. Fukuda, S. Kawai, W. Hashimoto, K. Murata,
Extremely simple, rapid, and highly efficient transformation
method for the yeast Saccharomyces cerevisiae using glutathione
and early log phase cells, J. Biosci. Bioeng. 94 (2002) 166-171.

[5] H. Toi, K. Fujimura-Kamada, K. Irie, Y. Takai, S. Todo, K.
Tanaka, Shed4p/Dimlp interacts with the motor domain of
unconventional myosins in the budding yeast, Saccharomyces
cerevisiae, Mol. Biol. Cell 14 (2003) 2237-2249.

[6] B. Wendland, J.M. McCaffery, Q. Xiao, S.D. Emr, A novel
fluorescence-activated cell sorter-based screen for yeast endocyto-
sis mutants identifies a yeast homologue of mammalian epsl5, J.
Cell Biol. 135 (1996) 1485-1500.

[71 A. Sil, 1. Herskowitz, Identification of asymmetrically localized
determinant, Ashlp, required for lineage-specific transcription of
the yeast HO gene, Cell 84 (1996) 711-722.

[8] H.V. Goodson, B.L. Anderson, H.M. Warrick, L.A. Pon, J.A.
Spudich, Synthetic lethality screen identifies a novel yeast myosin I
gene (MYOS5): myosin I proteins are required for polarization of
the actin cytoskeleton, J. Cell Biol. 133 (1996) 1277-1291.

[9] D.C. Winter, E.Y. Choe, R. Li, Genetic dissection of the budding
yeast Arp2/3 complex: a comparison of the in vivo and structural
roles of individual subunits, Proc. Natl. Acad. Sci. USA 96 (1999)
7288-7293.

[10] M.D. Welch, The world according to Arp: regulation of actin
nucleation by the Arp2/3 complex, Trends Cell Biol. 9 (1999) 423~
427.

[11] A. Madania, P. Dumoulin, S. Grava, H. Kitamoto, C. Scharer-
Brodbeck, A. Soulard, V. Moreau, B. Winsor, The Saccharomyces
cerevisiae homologue of human Wiskott-Aldrich syndrome pro-

tein Lasl7p interacts with the Arp2/3 complex, Mol. Biol. Cell 10
(1999) 3521-3538.

[12] M. Evangelista, B.M. Klebl, A.H. Tong, B.A. Webb, T. Leeuw,
E. Leberer, M. Whiteway, D.Y. Thomas, C. Boone, A role for
myosin-I in actin assembly through interactions with Vrplp,
Beelp, and the Arp2/3 complex, J. Cell Biol. 148 (2000) 353-
362.

[13] S.N. Naqvi, R. Zahn, D.A. Mitchell, B.J. Stevenson, A.L. Munn,
The WASp homologue Lasl7p functions with the WIP homo-
logue EndSp/verprolin and is essential for endocytosis in yeast,
Curr. Biol. 8 (1998) 959-962.

[14] D.C. Duncan, M.J. Cope, B.L. Goode, B. Wendland, D.G.
Drubin, Yeast Epsl5-like endocytic protein, Panlp, activates the
Arp2/3 complex, Nat. Cell Biol. 3 (2001) 687-690.

[15] M. Isabel, H. Riezman, Endocytic internalization in yeast and
animal cells: similar and different, J. Cell Biol. 111 (1998) 1031-
1037.

[16] A.L. Munn, Molecular requirements for the internalisation step of
endocytosis: insights from yeast, Biochim. Biophys. Acta 1535
(2001) 236-257.

[17] V. Moreau, J.M. Galan, G. Devilliers, R. Haguenauer-Tsapis, B.
Winsor, The yeast actin-related protein Arp2p is required for the
internalization step of endocytosis, Mol. Biol. Cell 8 (1997) 1361—
1375.

[18] A.L. Munn, H. Riezman, Endocytosis is required for the growth
of vacuolar H"-ATPase-defective yeast: identification of six new
END genes, J. Cell Biol. 127 (1994) 373-386.

[19] M.I. Geli, H. Riezman, Role of type I myosins in receptor-
mediated endocytosis in yeast, Science 272 (1996) 533-535.

[20] D.T. Warren, P.D. Andrews, C.W. Gourlay, K.R. Ayscough,
Slalp couples the yeast endocytic machinery to proteins regulating
actin dynamics, J. Cell Sci. 115 (2002) 1703-1715.

[21] A. Saiardi, C. Sciambi, J.M. McCaffery, B. Wendland, S.H.
Snyder, Inositol pyrophosphates regulate endocytic trafficking,
Proc. Natl. Acad. Sci. USA 99 (2002) 14206-14211.

[22] J. Mulholland, D. Preuss, A. Moon, A. Wong, D. Drubin, D.
Botstein, Ultrastructure of the yeast actin cytoskeleton and its
association with the plasma membrane, J. Cell Biol. 125 (1994)
381-391.

[23] K. Eisfeld, F. Riffer, J. Mentges, M.J. Schmitt, Endocytotic
uptake and retrograde transport of a virally encoded killer toxin in
yeast, Mol. Microbiol. 37 (2000) 926-940.

[24] T.A. Vida, S.D. Emr, A new vital stain for visualizing vacuolar
membrane dynamics and endocytosis in yeast, J. Cell Biol. 128
(1995) 779-792.

[25] W. Ballensiefen, D. Ossipov, H.D. Schmitt, Recycling of the yeast
v-SNARE Sec22p involves COPI-proteins and the ER transmem-
brane proteins Ufelp and Sec20p, J. Cell Sci. 111 (1998) 1507—
1520.

[26] R.K. Plemper, J. Bordallo, P.M. Deak, C. Taxis, R. Hitt, D.H.
Wolf, Genetic interactions of Hrd3p and Der3p/Hrdlp with
Sec61p suggest a retro-translocation complex mediating protein
transport for ER degradation, J. Cell Sci. 112 (1999) 4123-4134.

[27] M. Dilcher, B. Veith, S. Chidambaram, E. Hartmann, H.D.
Schmitt, G. Fischer von Mollard, Uselp is a yeast SNARE
protein required for retrograde traffic to the ER, EMBO J. 22
(2003) 3664-3674.

[28] M. Elkhaimi, M.R. Kaadige, D. Kamath, J.C. Jackson, H. Biliran
Jr., JJM. Lopes, Combinatorial regulation of phospholipid
biosynthetic gene expression by the UME6, SIN3 and RPD3
genes, Nucleic Acids Res. 28 (2000) 3160-3167.

[29] H. Wang, I. Clark, P.R. Nicholson, I. Herskowitz, D.J. Stillman,
The Saccharomyces cerevisiae SIN3 gene, a negative regulator of
HO, contains four paired amphipathic helix motifs, Mol. Cell.
Biol. 10 (1990) 5927-5936.

[30] R. Birner, M. Burgermeister, R. Schneiter, G. Daum, Roles of
phosphatidylethanolamine and of its several biosynthetic path-



S. Kawai et al. | Biochemical and Biophysical Research Communications 317 (2004) 100-107 107

ways in Saccharomyces cerevisiae, Mol. Biol. Cell 12 (2001) 997—
1007.

[31] P. Sass, J. Field, J. Nikawa, T. Toda, M. Wigler, Cloning and
characterization of the high-affinity cAMP phosphodiesterase of
Saccharomyces cerevisiae, Proc. Natl. Acad. Sci. USA 83 (1986)
9303-9307.

[32] .M. Thevelein, J.H. de Winde, Novel sensing mechanisms
and targets for the cAMP-protein kinase A pathway in the
yeast Saccharomyces cerevisiae, Mol. Microbiol. 33 (1999)
904-918.

[33] L.S. Robertson, H.C. Causton, R.A. Young, G.R. Fink, The yeast
A kinases differentially regulate iron uptake and respiratory
function, Proc. Natl. Acad. Sci. USA 97 (2000) 5984-5988.

[34] C. Suzuki, Y.I. Shimma, P-type ATPase spf/ mutants show a
novel resistance mechanism for the killer toxin SMKT, Mol.
Microbiol. 32 (1999) 813-823.

[35] S.R. Cronin, R. Rao, R.Y. Hampton, Codlp/Spflp is a P-type
ATPase involved in ER function and Ca?* homeostasis, J. Cell
Biol. 157 (2002) 1017-1028.

[36] G. Durr, J. Strayle, R. Plemper, S. Elbs, S.K. Klee, P. Catty, D.H.
Wolf, H.K. Rudolph, The medial-Golgi ion pump Pmrl supplies
the yeast secretory pathway with Ca** and Mn** required for
glycosylation, sorting, and endoplasmic reticulum-associated
protein degradation, Mol. Biol. Cell 9 (1998) 1149-1162.

[37] C.E. Ballou, Isolation, characterization, and properties of Sac-
charomyces cerevisiae mnn mutants with nonconditional protein
glycosylation defects, Methods Enzymol. 185 (1991) 440-470.

[38] M.S. Cyert, Calcineurin signaling in Saccharomyces cerevisiae:
how yeast go crazy in response to stress, Biochem. Biophys. Res.
Commun. 311 (2003) 1143-1150.

[39] A.D. Hartley, S. Bogaerts, S. Garrett, CAMP inhibits bud growth
in a yeast strain compromised for Ca?* influx into the Golgi, Mol.
Gen. Genet. 251 (1996) 556-564.

[40] A.H. Tong, M. Evangelista, A.B. Parsons, H. Xu, G.D. Bader, N.
Page, M. Robinson, S. Raghibizadeh, C.W. Hogue, H. Bussey, B.
Andrews, M. Tyers, C. Boone, Systematic genetic analysis with
ordered arrays of yeast deletion mutants, Science 294 (2001) 2364—
2368.



	Molecular insights on DNA delivery into Saccharomyces cerevisiae
	Materials and methods
	Results and discussion
	Identification of low- and high-competence mutants
	Molecular motor Myo3/5p is required for competence
	Arp2/3 activation machinery is required for competence
	Endocytosis is possibly required for uptake step of DNA
	DNA is not delivered to the nucleus through the same retrograde pathway as that for killer toxin K28
	Proper content of phosphatidylethanolamine is possibly required for competence
	Increased cAMP enhances competence via protein kinase A
	High competence of pmr1Delta and spf1Delta is not caused by dysfunction of cell wall structure, increased expressions of calcineurin-dependent genes, and unfolded protein response
	Perspectives

	Acknowledgements
	References


