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Using reversible electropermeabilization of cells and spheroplasts, we show that the cell wall and plasma
membrane partly account for bleomycin resistance by acting as two independent barriers. We also report on the presence
of a membrane protein that may be responsible for bleomycin internalization and toxicity in Saccharomyces cerevisiae.

The antitumor drug bleomycin (BLM) was used to analyze
the contributions of the cell wall and the cell membrane in
limiting the uptake of hydrophilic cytotoxic molecules during
the stationary phase of the yeast Saccharomyces cerevisiae. Two
yeast strains with different sensitivities to BLM were tested:
YPH-1 (MATa ura3-52 lys2-801am ade2-101oc) (14) and FY67
(MATa trp1-�36) (15).

Yeast cells were grown to a density of approximately 108

cells/ml through shaking and aeration in complete YPD (yeast
extract-peptane-dextrose) medium (13) at 30°C. We deter-
mined the percentage of reversibly permeabilized cells by the
lucifer yellow test (6) and prepared spheroplasts as described
previously (2) with lyticase from Sigma. A total of 5 � 107 cells
were electropermeabilized as described previously (1) in the
absence of dithiothreitol by using eight 100-�s square-wave
pulses at a frequency of 1 Hz. Spheroplasts were electropo-
rated in 1.2 M sorbitol–1 mM MgCl2–10 mM Tris-HCl (pH
7.5). No effect on survival was detected when electric fields
from 0 to 2,000 V/cm were applied to either the cells or the
spheroplasts. Optimal conditions were chosen such that the
electric field resulted in 70 to 75% survival and electroperme-
abilization of approximately 85% of those surviving cells (i.e.,
4,640 and 3,920 V/cm for FY67 and YPH-1 cells, respectively,
and 4,300 and 3,900 V/cm for FY67 and YPH-1 spheroplasts,
respectively) (Fig. 1). Our results show that the optimal per-
meabilization value is a function of the difference between the
mean cell diameter for the two strains, as determined by flow
cytometry (50.5 � 2.12 and 58 � 2.83, in arbitrary units, for
FY67 and YPH-1 cells, respectively, and 49 � 2.15 and 56.5 �
1.41 for FY67 and YPH-1 spheroplasts, respectively). Our data
also show that the removal of the cell wall does not significantly
alter the cell diameter and has almost no influence on the
optimal electrical field strength applied to the spheroplasts.
Thus, the presence of the cell wall does not affect the elec-
tropermeabilization of the plasma membrane.

Both yeast strains were exposed to BLM for 5 min at con-
centrations ranging from 0.3 nM to 100 �M, with and without
application of the electric pulses. In this study, a BLM-Fe
complex in a 1:3 molar ratio was used to induce cytotoxicity in
the yeasts (7). The cytotoxicity of BLM was determined by
determination of the relative cloning efficiencies of the treated
cells. The BLM concentration that induced 50% lethality (the
minimal bactericidal concentration for 50% of the cells
[MBC50]) for the nonelectropermeabilized YPH-1 yeast cells
was 4 �M. The FY67 yeast cells were approximately 30 times
more resistant to BLM, with an MBC50 of 120 �M (Fig. 2A
and Table 1). When the cells were electropermeabilized in the
presence of BLM, FY67 cells were 27 times more resistant to
BLM than the YPH-1 cells (Fig. 2A and Table 1). Electroper-
meabilization had no effect on the susceptibilities of the strains
to BLM; however, it increased the BLM-induced cytotoxicities
300-fold for FY67 and 267-fold for YPH-1 yeast cells (Table
1). The increase in the cytotoxicity of BLM for yeast cells could
be the result of a higher level of internalization of BLM.
Indeed, by using the radiolabeled 57Co-BLM complex (9), we
found that more57Co-BLM molecules were associated with
electropermeabilized yeast cells than with nonelectroperme-
abilized yeast cells (data not shown). Similar increases in levels
of cytotoxicity and BLM internalization have previously been
demonstrated in animal cells (4, 5, 8, 10).

The MBC50s for intact spheroplasts were 200 nM for FY67
and 1 �M for YPH-1 (Fig. 2B and Table 1). Thus, intact
YPH-1 spheroplasts were five times more resistant to BLM
than intact FY67 spheroplasts. As such, it was shown that the
presence of the cell wall had a significant, strain-dependent
influence on the cytotoxicity of BLM. The conferral of such a
decrease in toxicity by the cell wall has previously been de-
scribed for another small hydrophilic polypeptide molecule,
nisin (3).

Electroporation of spheroplasts increased the cytotoxicity of
BLM 17-fold for FY67 spheroplasts and 667-fold for YPH-1
spheroplasts (Table 1). Unexpectedly, when electropermeabi-
lization was used, electroporated YPH-1 spheroplasts were
eight times less resistant to BLM than FY67 spheroplasts (Fig.
2B and Table 1). Thus, in the absence of the cell wall, the
actual levels of BLM uptake and cytotoxicity were 40 times (8
� 5) higher for the YPH-1 strain than for the FY67 strain. We
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have previously demonstrated the presence of a BLM-binding
protein (BBP) that plays a role in the internalization and
cytotoxicity of BLM in mammalian cells (11, 12). The proce-
dure previously implemented to prepare this mammalian
plasma membrane protein was repeated with yeast sphero-
plasts (11). As a result of the studies with the 57Co-BLM
complex (9), we report here for the first time the detection of
a BBP of approximately 250 kDa in the membrane extracts of

yeast cells (Fig. 3). Quantification of the 57Co-BLM-BBP com-
plex indicates that the intensity of the radioactive band was
approximately seven times lower for the YPH-1 strain extract
than for the FY67 strain extract (results not shown). Assuming

FIG. 1. Influence of electric field strength on yeast cell (A) or
spheroplast (B) permeabilization and survival. Each point represents
the mean of three independent experiments performed in triplicate.
Bars represent standard errors of the means. LY, lucifer yellow.

FIG. 2. BLM survival response curves for FY67 and YPH-1 cells
(A) or spheroplasts (B) exposed or not exposed to permeabilizing
electric pulses. Each point represents the mean of three independent
experiments performed in triplicate. Bars represent standard errors of
the means.

TABLE 1. Contributions of the cell wall and the plasma membrane in limiting the cytotoxicity of BLM for yeast cells and spheroplastsa

Strain MBC50 (nM) in the absence
of electropermeabilization f�CW

MBC50 (nM) in the presence of
electropermeabilization fCW fEPN

FY67 cells 120,000 600 400 34 300
FY67 spheroplasts 200 12 17

YPH-1 cells 4,000 4 15 10 267
YPH-1 spheroplasts 1,000 1.5 667

a fCW, cell wall filtering factor, determined as the ratio of the MBC50 for electropermeabilized cells and the MBC50 for electropermeabilized spheroplasts (when the
plasma membrane restrictions have been removed by electroporation); f�CW, cell wall pseudo-filtering factor, determined as the ratio of the MBC50 for nonelectroper-
meabilized yeast cells and the MBC50 for nonelectropermeabilized spheroplasts (when the plasma membrane restrictions have not been removed); fEPN, electroper-
meabilization factor, determined as the ratio of the MBC50 for nonelectropermeabilized cells or spheroplasts and the MBC50 for electropermeabilized cells or
spheroplasts.
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that this protein is involved in the uptake and cytotoxicity of
BLM in yeast cells like it is in animal cells (12), the 7-fold
increase in BBP could explain the 40-fold difference in resis-
tance between YPH-1 and FY67 spheroplasts. Indeed, in an-
imal cells a 3-fold increase in the level of BBP was found to
cause a 22-fold increase in cell sensitivity to BLM (12).

Furthermore, the filtering factor of the cell wall between
both strains have ratios of 150 in the presence of the cell
membrane (f�CW) and 3.4 in the absence of the cell membrane
(fCW) (Table 1). This means that the cell membrane imposes
an �40-fold (150/3.4 � 44.1) decrease in BLM uptake in the
presence of the cell wall, similar to the decrease calculated for
the spheroplasts. These results suggest that both barriers act
independently.

In conclusion, this work demonstrates that both the cell wall
and the cell membrane limit the uptake of small hydrophilic
molecules (e.g., BLM) by yeast cells. The restrictions imposed
by the cell wall and the plasma membrane are independent of

each other but are cell type dependent. We also demonstrate
that cell electropermeabilization is an interesting method that
can be used to increase the levels of uptake of small hydro-
philic molecules in yeast.
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FIG. 3. Visualization of the BBPs in crude yeast membrane ex-
tracts. Reported molecular weights correspond to the high-molecular-
weight-range color markers (molecular weights, 29,000 to 205,000;
Sigma) that migrated in parallel. The arrow indicates the position of
the radioactive BBP band detected at about 250 kDa.
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