
Programmed cell death (PCD) plays an important

role in the organism development, immunity, and main-

tenance of tissue homeostasis in multicellular organisms

[1, 2]. The physiological role of PCD in unicellular

organisms is less clear. In the case of well-studied model

organism, such as baker’s yeast Saccharomyces cerevisiae,

there is a distinction between regulated cell death (RCD)

and accidental cell death (ACD) caused by high-intensi-

ty stress factors and associated with the loss of the plasma

membrane (PM) barrier function [3]. RCD is caused by

mild stress and the action of external or internal signals. It

can be artificially prevented, e.g., by switching off expres-

sion of certain genes. PCD is a natural (physiological)

scenario of RCD. At present, multiple inducers of RCD

in yeast and other unicellular organisms have been

described, but the physiological role of RCD remains

unknown in most cases [4-8].

Earlier, we have shown that high concentrations

(100 µg/ml) of the mating pheromone, α-factor, induce

RCD in a-type yeast cells [9, 10]. The effect of the

pheromone is accompanied by an increase in the cyto-

plasmic calcium concentration [11]. Therefore, it was

suggested that calcium mediates the cell death cascade

[10]. The antiarrhythmic drug amiodarone also causes an

increase in the cytoplasmic calcium [12] and triggers a
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Abstract—Lam1-4 proteins perform non-vesicular transport of sterols from the plasma membrane to the endoplasmic retic-

ulum. Disruption of their function leads to an increase in the content of sterols in the plasma membrane. In mammals,

homologs of Lam proteins are responsible for the internalization of plasma cholesterol. The biological role of Lam proteins

in yeast remains unclear, since the strains lacking individual LAM genes do not display any pronounced phenotype. Deletion

of LAM1 (YSP1) gene inhibits the regulated death of Saccharomyces cerevisiae yeast cells induced by the mating pheromone.

Here, we investigated whether LAM2 also plays a role in the cell death induced by the excess of mating pheromone and

assessed genetic interactions between LAM2 and genes responsible for ergosterol biosynthesis. We have shown that LAM2

deletion partially prevents pheromone-induced death of yeast cells of the laboratory strain W303, while deletions of three

other LAM genes – LAM1, LAM3, and LAM4 – does not provide any additional rescuing effect. The UPC2-1 mutation in

the transcription factor UPC2 gene, which leads to the excessive accumulation of sterols in the cell, promotes cell survival

in the presence of the pheromone and shows additivity with the LAM2 deletion. On the contrary, LAM2 deletion stimulates

pheromone-induced cell death in the laboratory strain BY4741. We have found that the deletion of ergosterol biosynthesis

genes ERG2 and ERG6 reduces the effect of LAM2 deletion. Deletion of LAM2 in the ∆erg4 strain lacking the gene of the

last step of ergosterol biosynthesis, significantly increased the proportion of dead cells and decreased the growth rate of the

yeast suspension culture even in the absence of the pheromone. We suggest that the absence of the effect of LAM2 deletion

in the ∆erg6 and ∆erg2 strains indicates the inability of Lam2p to transport some ergosterol biosynthesis intermediates, such

as lanosterol. Taken together, our data suggest that the role of Lam proteins in the regulated death of yeast cells caused by

the mating pheromone is due to their effect on the plasma membrane sterol composition.
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chain of events similar to those activated by 100 µg/ml

pheromone [10]. It should be noted that even such high

concentrations of α-factor lead to the death of less than

half of the cells. Moreover, while the fraction of the dead

cells depends on the strain, the further increase in the

pheromone concentration does not increase the propor-

tion of dead cells [13]. The mechanisms that limit the

pheromone-induced cell death are still unknown. Certain

mutations have been found to significantly upregulate

pheromone-induced RCD, for example, a mutation in

the calmodulin gene cmd1-6 [9] or the deletion of the

yeast metacaspase gene MCA1 [13].

Earlier, we conducted two genetic screenings for pos-

itive regulators of pheromone- or amiodarone-induced

RCD. As a result, LAM1 and LAM2 were identified as

genes decreasing cell resistance to amiodarone [10, 14].

Originally, these genes had been named YSP1 and YSP2

(Yeast Suicidal Proteins), but later they were renamed as

LAM1 and LAM2 (Lipid transfer protein Anchored at

Membrane contact sites), respectively. Deletion of LAM1

was found to partially protect the cells from the

pheromone-induced cell death [10].

Recently, it has been shown that LAM1 and LAM2

encode proteins belonging to the same family of mem-

brane sterol-binding proteins [15]. The function of these

proteins is the transport of sterols between the plasma

membrane (PM) and the endoplasmic reticulum (ER). In

mammals, such transport is necessary for the capture of

cholesterol from the blood plasma [16]. Deletion of

LAM1 in baker’s yeast decreased cell resistance to the

antifungal drug amphotericin B [15]. Importantly,

amphotericin B disrupts the functions only of ergosterol-

containing membranes [17]. Therefore, an increase in the

sensitivity of the ∆lam1 and ∆lam2 deletion mutants to

amphotericin B indicates that Lam proteins transport

ergosterol from the PM. We have shown recently that

deletions of LAM family genes indeed lead to the increase

in the sterol content in the PM and intracellular com-

partments [18].

In addition to LAM1 and LAM2, S. cerevisiae

genome contains four more paralogous genes of the same

family: LAM3, LAM4, LAM5, and LAM6. While Lam1,

Lam2, Lam3, and Lam4 localize to the sites of PM and

ER contacts, Lam5 and Lam6 are found at the ER–mito-

chondria junctions (see reviews [19, 20]).

The discovery of the role of Lam proteins in sterol

transport has raised the question on how sterol composi-

tion of the membranes is linked to the yeast RCD. It is

possible that the effects of LAM1 and LAM2 deletions on

the RCD induced by the pheromone, amiodarone, or

acetate are related to the changes in the PM ergosterol

content. If this is the case, then other mechanisms affect-

ing (either increasing or decreasing) the sterol content in

the yeast cells are expected to affect the RCD.

Alternatively, Lam proteins can play a direct role in the

signal transduction leading to the cell death. Moreover, it

is still unknown whether each of the LAM genes plays a

unique role or their functions in the cell are redundant.

Here, we have studied RCD caused by high concen-

trations of the mating pheromone and amiodarone and

evaluated the role in the effect of these compounds of

LAM2 deletion and mutations increasing the sterol con-

tent (UPC2-1) or disrupting the terminal stages of ergos-

terol biosynthesis (∆erg2, ∆erg3, ∆erg4, ∆erg6). We also

compared the effects of a single (LAM2) and quadruple

(LAM1-LAM4) gene deletions. Taken together with the

previously published observations, our data suggest that

the role of LAM genes in yeast RCD is indirect and medi-

ated by changes in the PM sterol composition.

MATERIALS AND METHODS

Yeast strains, cultivation conditions, and reagents

used in the study. Amiodarone, α-factor, propidium

iodide (PI), YNB synthetic medium, amino acid supple-

ments, glucose, and galactose were from Sigma-Aldrich

(USA). The cells were grown in YPD [1% yeast extract

(Difco, USA), 2% peptone (Difco), 2% glucose

(Helicon, Russia)] or YPGal [1% yeast extract (Difco),

2% peptone (Difco), 2% galactose (Sigma-Aldrich)].

Agar (Difco) was added up to 2% to solid media. The

strains UPC2-1, ∆lam1, ∆lam2, ∆lam3, ∆lam4, and

∆lam1∆lam2∆lam3∆lam4 are derivatives of the W303

strain. The strains ∆erg2, ∆erg2∆ysp2, ∆erg3, ∆erg3∆ysp2,

∆erg4, ∆erg4∆ysp2, ∆erg5, ∆erg5∆ysp2, ∆erg6, ∆erg6∆ysp2

are derivatives of the BY4741 strain (table).

Mating type change. To change the mating type, we

transformed the strains with the pGAL-HO plasmid cod-

ing for the exonuclease HO under control of the galactose-

regulated PGAL promoter [21]. The resulting strains were

incubated overnight in YPGal medium (2% galactose) and

then transferred onto solid YPD medium (2% glucose).

The mating type of individual colonies was determined by

crossing with a- and α-type strains. Colonies with the

desired mating type were grown for 24 h in YPD liquid

medium to lose the pGAL-HO plasmid; the loss of the

pGAL-HO plasmid was confirmed by the inability to grow

on YNB-leu selective medium (Sigma-Aldrich).

RCD induction by amiodarone and assessment of

yeast cell viability. Yeast cells were grown for 12-16 h to

the logarithmic growth stage and then diluted to 4·106

cells/ml with YPD containing 25 mM MES, pH 5.5.

Amiodarone was added to the cell suspension to a final

concentration of 60 µM; the cells were then incubated for

1 h at 30°C, diluted, and transferred onto solid YPD

medium. After 24 h, the proportion of survived cells was

determined as the ratio of colony-forming units (CFUs)

after and before the stress.

Mating efficiency assay. Yeast cells of both mating

types were grown for 12-16 h up to the logarithmic stage

and then diluted in liquid YPD to ~2·106 cells/ml. Cells of
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the opposite mating types were mixed and incubated for

6 h at 30°C. After incubation, the cells were analyzed by

microscopy and the proportion of zygotes (in 250-300

cells) was calculated.

Flow cytometry and RCD induction by the mating

pheromone. Yeast cells were grown for 12-16 h in YPD

liquid medium to 4·106 cells/ml. α-Factor was added to a

final concentration of 100 µg/ml, and the cells were incu-

bated for 4 h at 200 rpm at 30°C. Untreated cell suspen-

sion was used as a negative control; cell suspension incu-

bated for 3 h at 50°C was used as a positive control (dead

cells). After incubation, all samples were diluted 8 times

with phosphate buffered saline (PBS; Gibco, USA) and

stained with 0.5 µg/ml PI for 10 min. PI is a fluorescent

probe that cannot penetrate into living cells and stains

dead cells only [22]. Fluorescence of PI-stained cells was

analyzed with a CytoFlex flow cytometer (Beckman,

USA) and Beckman Coulter FC 500 at the excitation

wavelength of 488 nm with the 690/50 nm emission filter.

Each experiment was performed in at least three inde-

pendent repeats on different days. In each experiment, at

least 10,000 events (cells) were analyzed.

RESULTS

LAM2 deletion partially prevents cell death caused by

the excess of mating pheromone and does not show addi-

tivity with the deletions of LAM1, LAM3, or LAM4 genes.

We have previously identified LAM2 gene (YSP2) in

Strain

W303-1A

∆lam2

∆lam1∆lam2
∆lam3∆lam4

UPC2-1 MATa

UPC2-1 ∆lam2

PGAL-LAM2

cmd1-6

BY4741

BY4742

∆erg2MATa

∆erg3MATa

∆erg4MATa

∆erg5MATa

∆erg6MATa

∆erg2 ∆lam2

∆erg3 ∆lam2

∆erg4 ∆lam2

∆erg5 ∆lam2

∆erg6 ∆lam2

Strains used in the study

Parental strain
or source

Laboratory of A. Hyman

[14]

[35]

UPC2-1 MATalpha

UPC2-1 MATa

W303-1A

[10]

EUROSCARF

EUROSCARF

∆erg2 MATalpha
EUROSCARF

∆erg3 MATalpha
EUROSCARF

∆erg4 MATalpha
EUROSCARF

∆erg5 MATalpha
EUROSCARF

∆erg6 MATalpha
EUROSCARF

∆erg2 MATa

∆erg3 MATa

∆erg4 MATa

∆erg5 MATa

∆erg6 MATa

Genotype

MATa ade2-101 his3-11 trp1-1 ura3-52 can1-100 leu2-3

MATa ade2-101 his3-11 trp1-1 ura3-52 can1-100 leu2-3 ∆lam2::TRP1

MATa ade2-101 his3-11 trp1-1 ura3-52 can1-100 leu2-3 MATa ade2-101 his3-11 trp1-1
ura3-52 can1-100 leu2-3 ∆lam3::kanMX4 ∆lam2::TRP1 ∆lam1::NAT ∆lam4::loxP

MATa UPC2-1 ura3-1 his3-11,-15 leu2-3,-112 trp1-1

MATa UPC2-1 ura3-1 his3-11,-15 leu2-3,-112 trp1-1 ∆lam2::HIS3

MATa ade2-101 his3-11 trp1-1 ura3-52 can1-100 leu2-3 PGAL-LAM2::kanMX4

MATa his3∆1 leu2∆0 met15∆0 ura3∆0

MATalpha his3∆1 leu2∆0 met15∆0 ura3∆0

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg2::kanMX4

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg3::kanMX4

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg4::kanMX4

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg5::kanMX4

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg6::kanMX4

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg2::kanMX4 ∆lam2::HIS3

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg3::kanMX4 ∆lam2::HIS3

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg4::kanMX4 ∆lam2::HIS3

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg5::kanMX4 ∆lam2::HIS3

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 erg6::kanMX4 ∆lam2::HIS3
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genetic screening for deletions decreasing yeast sensitivi-

ty to amiodarone [14]. Here, we investigated whether

deletion of LAM2 and additional deletions of the other

three LAM genes coding for proteins of the PM–ER con-

tact sites (LAM1, LAM3, and LAM4) inhibit pheromone-

induced RCD. For this, we compared the ratio of live and

dead cells in a suspension culture of yeast cells exposed to

α-factor (100 µg/ml, 4 h).

Live yeast cells were distinguished from the dead

ones by flow cytometry based on PI accumulation (Fig. 1,

a and b), because PI accumulates in dead cells only.

Addition of α-factor induced the death of approximately

45% cells (Fig. 1c). In agreement with the published data

[23], the cmd1-6 mutation increased the sensitivity of

yeast cells to α-factor (Fig. 1d). We found that the dele-

tion of LAM2 partially prevented cell death caused by α-

factor (Fig. 1e). We also estimated linear sizes of yeast

cells from light scattering. As shown in Fig. 1, α-factor

caused a significant increase in the forward light scatter-

ing (FSC-A) that was most likely related to the formation

of schmoos (cell protrusions characteristic for the mating

process). Deletion of LAM2 gene did not prevent the

increase in the linear light scattering, indicating that the

conventional mating response was not impaired.

Figure 2 shows that LAM2 deletion had the highest

effect on the cell resistance to α-factor, while additional

deletions of the other three LAM genes did not increase

the cell survival. Similar results were obtained in the

experiments with amiodarone (Fig. 3), which kills yeast

by the mechanism analogous to that triggered by the

mating pheromone [10]. Similarly to the α-factor-

induced death, LAM2 disruption had the maximum

effect on the cell resistance to amiodarone. No signifi-

cant differences in the resistance to this compound were

observed between the ∆lam2 strain and the quadruple

deletion mutant (Fig. 3a).

a b c

d e f

Control W303-1A strain

in the absence of α-factor

Heat shock

(control W303-1A strain)

α-factor (100 µg/ml, 4 h)

Control W303-1A strain

Fig. 1. Distribution of linear cell sizes (FSC-A) and PI signal intensity. a) Control W303-1A cells in the absence of stress (negative control for

dead cells); b) W303-1A cells subjected to heat shock at 50°C for 3 h (positive control for dead cells); c-f) cells of different strains exposed to

α-factor (100 µg/ml, 4 h): c) parental strain; d) cmd1-6 strain with mutation in the calmodulin gene; e) strain with LAM2 deletion; f) strain

with deletion of all four LAM genes (LAM1-4). The cells within the indicated area of the graphs were counted as dead; the percentage of dead

cells is indicated in each graph. The data from representative experiments (10,000 events in each experiment) are presented. (Colored ver-

sions of Figs. 1 and 4-6 are available in electronic version of the article on the site http://sciencejournals.ru/journal/biokhsm/)
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a-Factor-induced RCD is reduced in UPC2-1 strain.

The strain with the partially dominant UPC2-1 allele

demonstrated an increased rate of sterol uptake by the

cells [24] and upregulated transcription of ERG genes,

leading to the increase in total sterol content in the cell

and sterol content in the PM in particular [25]. Deletion

of LAM genes also leads to the increase in the concentra-

tion of ergosterol in the PM [15, 18]. If the resistance of
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Control (in the absence of α-factor)

Heat shock

Control W303-1A strain

Fig. 2. RCD induced by α-factor (100 µg/ml) in yeast cells with impaired transport and accumulation of ergosterol. The ratio of dead to live

cells was evaluated by flow cytometry using PI staining. The data are presented as mean ± standard deviation (n = 3).
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Fig. 3. Cell survival in the presence of yeast RCD inducer amiodarone (60 µM, 1-h incubation); 100% corresponds to the number of CFUs

prior to amiodarone addition.
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the LAM deletion strains to the mating pheromone is

related to the changes in the ergosterol concentration in

the PM, then the UPC2-1 allele should also prevent α-

factor-induced cell death. To test this hypothesis, we

investigated the death of the UPC2-1 and wild-type yeast

strains in the presence of 100 µg/ml α-factor. As shown in

Fig. 4, UPC2-1 mutation resulted in the decrease in a rel-

ative number of PI-stained cells, i.e., this mutation sup-

pressed cell death caused by the α-factor (also see Fig. 2).

By contrast, the same strain showed increased sensitivity

to amiodarone (Fig. 3a). Comparison of mating efficien-

cy for the crosses UPC2-1 MATa × UPC2-1 MATalpha

(2.2% zygotes), ∆lam1∆lam2∆lam3∆lam4 MATa ×

∆lam1∆lam2∆lam3∆lam4 MATalpha (1.8%), and wild-

type BY4741 (MATa) × BY4742 (MATalpha) (2.3%)

revealed no pronounced differences between them.

Therefore, an increased resistance of UPC2-1 and

∆lam1∆lam2∆lam3∆lam4 strains to α-factor was not

associated with partial inhibition of conventional mating

response.

Genetic interactions between LAM2 and ergosterol

biosynthesis genes. In the following series of experiments,

we examined RCD caused by α-factor and amiodarone in

yeast cells with deletions of ERG2-6 genes. These genes

encode enzymes catalyzing the downstream steps of

ergosterol biosynthesis. Disruption of ergosterol biosyn-

thesis is usually lethal [26], however, deletion of genes

coding for the enzymes of the late biosynthesis stages,

from lanosterol to ergosterol, does not lead to the loss of

cell viability [26]. We excluded the ERG5 gene from our

analysis, since the ∆erg5 strain loses mitochondrial DNA

at a high frequency (up to 80%), which significantly

reduces its sensitivity to α-factor [9, 10]. It should be also

mentioned that in this series of experiments, we used the

parental BY4741 strain, while experiments with UPC2-1

were performed with the strains derived from the labora-

tory W303 strain, because these strains showed drastical-

ly different sensitivity to the pheromone-induced RCD.

We estimated the percentage of dead cells in the

wild-type strain and in the strains lacking the ERG6,

ERG2, ERG3, or ERG4 genes (Fig. 5). Figure 5 shows the

b

Fig. 4. Distribution of linear size (FSC-A) of yeast cells and PI signal intensity in wild-type yeast (a) and mutant UPC2-1 strain (b). The cells

were incubated for 4 h in the presence of 100 µg/ml α-factor. The data of representative experiments are shown (10,000 events in each exper-

iment).

Control W303-1A strain

a

Fig. 5. RCD of yeast cells with mutations in the ergosterol

biosynthesis genes induced by α-factor (100 µg/ml). The ratio of

dead to live cells was evaluated by flow cytometry using PI stain-

ing. The data are presented as mean ± standard deviation (n = 3).

Dead cells, %

Control BY4741
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results arranged to reflect the order of ergosterol biosyn-

thesis reactions catalyzed by the encoded enzymes.

Deletions of the ERG genes did not decrease, and some-

times even increased the fraction of dead cells after incu-

bation with the α-factor (Fig. 5). Moreover, additional

deletion of LAM2 in the ∆erg6 and ∆erg2 strains produced

no significant effect on the pheromone-dependent RCD

(Fig. 5). At the same time, LAM2 deletion did not sup-

press RCD in the strains with impaired ergosterol synthe-

sis. Deletion of LAM2 in the ∆erg4 strain and in the con-

trol BY4741 strain led to a significant increase in the pro-

portion of dead cells in the presence of α-factor.

We noticed that, even in the absence of the mating

pheromone, the number of dead (PI-positive) cells in the

∆erg4∆lam2 strain was significantly higher than in the

parental strain and all other double and single mutants

(Fig. 6, a and b). Deletion of LAM2 significantly reduces

the growth rate of the ∆erg4 strain, but not of the ∆erg3

strain. Importantly, Erg3p acts one step upstream of

Erg4p (Fig. 6c). Therefore, our data indicate epistasis

between LAM2 and ERG4 genes.

Deletion of LAM2 increased cell resistance to amio-

darone and promoted cell survival in all the mutants test-

ed (∆erg2, ∆erg3, ∆erg4, and UPC2-1) (Fig. 3).

DISCUSSION

Studying LAM genes in yeast is difficult because

these genes are represented by paralogous pairs [20].

Indeed, very few phenotypes have been described so far

for the strains harboring deletions of individual LAM

a

b c

Dead cells, %

Time, h

Time, h

PI, arb. units

E
v

e
n

ts

Control (BY4741)

O
D

λ
=

 5
5

0
 n

m
O

D
λ

=
 5

5
0

 n
m

Control BY4741

D
IC

P
I

Fig. 6. Double deletion ∆erg4∆lam2 strain contains a subpopulation of dead cells stained with PI and exhibits a reduced growth rate. a) Cell

survival under control conditions (mean ± standard deviation, n = 3). The inset shows a photograph of ∆erg4∆lam2 and ∆erg4 cells stained with

PI. DIC, differential interference contrast. b) Representative histogram of the flow cytometry experiment. c) Comparison of the growth rates

(estimated by light scattering, wavelength λ = 550 nm) of ∆erg4 and ∆erg4∆lam2 strains (top) and ∆erg3 and ∆erg3∆lam2 strains (bottom).
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genes. However, we have previously shown that the dele-

tion of LAM2 gene leads to an increase in the fragmenta-

tion of mitochondrial network in the cells at the stationary

growth phase [27]. We have also shown resistance to amio-

darone in the ∆lam1 and ∆lam2 strains [10, 14] and resist-

ance to α-factor in the ∆lam1 strain [10]. In this work, we

demonstrated that LAM2 deletion also decreases the sen-

sitivity of S. cerevisiae W303 strain to the RCD induced by

α-factor (Figs. 1 and 2). Using this phenotype for studying

genetic interactions, we examined the pheromone-

induced RCD in the ∆lam1∆lam2∆lam3∆lam4 strain and

found that the deletions of additional LAM genes did not

lead to the decrease in the sensitivity to α-factor com-

pared to the ∆lam2 strain. This result suggests that out of

the four Lam proteins of the PM–ER contacts, Lam2 is

the major contributor to the pheromone-induced cell

death. Another possible explanation is that Lam proteins

exist as heterodimers and that the presence of Lam2p is

necessary for their functioning. The latter explanation

seems unlikely since the strains with single deletions

(∆lam3 and ∆lam4) exhibited resistance to α-factor (Fig.

2). The data of large-scale mass-spectrometric proteomic

analysis show that Lam2p is present in the cells in higher

quantities than the other Lam proteins [28, 29].

Therefore, one can speculate that the deletion of LAM3

and LAM4 genes does not affect the pheromone-induced

death because of the difference in the concentration of

these proteins. However, in these studies, the amount of

Lam2p did not exceed the total amount of its three pa-

ralogs. In another study, that used a simplified protocol

for preparing protein samples for mass spectrometry,

Lam1p was found in even larger quantities than Lam2p

[30]. Hence, we believe that the absence of the effect of

the triple deletion of LAM1, LAM3, and LAM4 in the

∆lam2 strain is not associated with the low concentration

of these proteins in the cells but rather reflects their func-

tional relationship. The effect of the deletions of LAM

genes on the amiodarone resistance was similar – LAM2

deletion promoted the resistance to this compound, while

additional disruption of the LAM1, LAM3, and LAM4

genes provided no further increase in the cell resistance.

The BY4741 strain was significantly more resistant to

the α-factor-induced RCD than the W303 strain.

Moreover, deletion of the LAM2 gene did not decrease,

but, on the contrary, increased the proportion of dead

cells in our experimental model of the mating

pheromone-induced RCD (Fig. 5). At the same time, the

effect of LAM2 deletion on the resistance to amiodarone

did not depend on the genetic background (Fig. 4). It is

believed that amiodarone induces the same cascade of

events as the mating pheromone (i.e., stimulates calcium

entry to the cytoplasm), but at later stages [10, 12]. This

might be due to the hyperpolarization of PM caused by

the dysfunction of ion channels [31]. The simplest expla-

nation is that the increase in the PM ergosterol content

caused by the LAM2 deletion affects the activity of PM

ion channels and pheromone receptors, and that the

pheromone-to-calcium part of the cascade is highly

dependent on the genetic background.

We have found that the effects of the deletions of

LAM2 and ERG4 genes were additive (Figs. 5 and 6).

ERG4 encodes C-24(28) sterol reductase, which catalyzes

the last reaction in the metabolic pathway of ergosterol

biosynthesis in yeast [32]. Importantly, in the ∆erg3 strain

lacking the enzyme catalyzing one before the last reaction

of the same pathway, the effect of LAM2 deletion was

lower in magnitude. No changes in the pheromone resist-

ance were observed when LAM2 was deleted in the strains

lacking ERG2 or ERG6 genes. Deletion of ergosterol

biosynthesis genes changes the sterol composition of cell

membranes, including ergosterol replacement by the

intermediates of its biosynthesis [33]. Deletion of ERG6

and ERG2 interrupts ergosterol biosynthesis at the levels

of zymosterol and fecosterol, respectively [34]. To our

knowledge, no quantitative analysis of sterol biosynthesis

intermediates in the deletion strains has been performed

yet. It is possible that the absence of effect of LAM2 dele-

tion in the ∆erg2 and ∆erg6 strains can be explained by

Lam2 inability to transport early ergosterol biosynthesis

intermediates (zymosterol, fecosterol, and lanosterol). If

this is the case, the deletion of LAM2 gene would not

affect cell phenotype. At the same time, according to our

data, Lam2p does transport late ergosterol biosynthesis

intermediates (and ergosterol).

The fact that LAM deletion reduces the death of yeast

cells induced by high concentrations of the mating

pheromone or amiodarone has been known for more than

10 years [10, 14]. However, the molecular mechanism of

the involvement of Lam proteins in this type of RCD has

remained unclear. While planning our study, we consid-

ered two possibilities: (1) deletion of LAM genes affects

RCD indirectly, via changes in the PM ergosterol concen-

tration; (2) Lam proteins directly interact with the RCD

signal transduction intermediates. Our data point to the

first possibility, since all other tested interventions in the

sterol homeostasis also influenced cell resistance to this

type of RCD. Deletion of LAM genes likely increases the

content of PM ergosterol, as follows from the data on the

LAM2 deletion strain sensitivity to amphotericin B and

from direct measurements of PM ergosterol content with

the sterol-sensitive fluorescent dye filipin [15, 18, 35].

How can elevated PM ergosterol possibly affect

RCD? High ergosterol content is known to prevent Upc2

from relocation to the nucleus. Nuclear Upc2 activates

transcription of at least two genes of the MAP kinase cas-

cade, also initiated by the pheromone [36]. Is it possible

that in LAM mutants, increased PM ergosterol prevents

RCD by decreasing the activity of Upc2? According to

our data, this seems unlikely. Upc2 hyperactivation

(UPC2-1 mutation) does not increase, but rather reduces

the pheromone-dependent RCD (Figs. 1 and 2). Since

Upc2 is the main activator of ergosterol synthesis, it can
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be assumed that an increase in the PM ergosterol con-

centration affects ion fluxes through the PM, and this

leads to the pheromone resistance. Indeed, it is known

that the mutations in ergosterol biosynthesis genes can

induce dysfunction of the PM transporters [37].

An increased sensitivity of UPC2-1 cells to amio-

darone is also in good agreement with the previously pub-

lished data. Amiodarone causes an increase in the cyto-

plasmic calcium concentration [12], which results in a

downstream cascade of events leading to the cell death

[10]. Moreover, an increase in the ergosterol levels affects

vacuoles [38]. Normal functioning of vacuoles, in turn,

provides resistance to amiodarone, because vacuoles are

able to remove excessive Ca2+ from the cytoplasm. Since

the toxicity of amiodarone is mediated by the rise in Ca2+

[39], this vacuolar function can be crucial for the resist-

ance to amiodarone.

Combined with the previous observations, our data

indicate that the effects of LAM deletions are associated

with the changes in ergosterol content in the PM, which,

in turn, affect the activity of membrane proteins and ion

fluxes across the PM. In our opinion, the most likely

explanation for the role of LAM genes in the pheromone-

induced RCD is their indirect involvement in the signal-

ing processes.
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