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Effective stage in the cell cycle for control of the budding direction of cdc
mutants of Saccharomyces cerevisiae using electric stimulus
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Cell division cycle (cdc) mutants of Saccharomyces cerevisiae were used to determine the most effective
stage for the directional control of cell budding using an electric stimulus. The selected mutants were cdc 35
and cdc 28, which could be reversibly arrested before spindle pole body satellite formation (SPBSF) and
spindle pole body duplication (SPBD), respectively. The budding direction (©) was defined so that the
direction parallel to that of the electric field was 0°. Considering the symmetry of the experimental
conditions, the range of © was defined as 0-90°. The electric stimulus applied in the present study was
alternating pulses (pulse height, 415 V; pulse width at half pulse height, 5 ps; frequency; 10 kHz). The peak
height of the cross membrane potential was estimated as 472 mV, which was sufficient to induce
considerable strain in the cell membrane. In the case of cdc 35, the 95% confidence interval (95% CI) of the
budding direction was 7-25° when subjected to electric stimulus, while the 95% CI of the budding direction
without electric stimulus was 35-57°. In the case of cdc 28, 95% CI values of the budding direction with and
without electric stimulus were 1229° and 23-56 °, respectively. These results demonstrate that the stage
after SPBD is effective for the directional control of yeast cell budding using an electric stimulus.
Simultaneously, an electric stimulus reduced the cell budding time of both the cdc mutants used. Therefore,
the electric stimulus was also effective in promoting cell cycle progression under the present conditions.

Introduction

Vectorial control of cell growth is of biological
significance, because it is closely related to the
mechanisms of morphological variation and cell
differentiation. Recently, a number of research
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body satellite formation; SPBD, spindle pole body duplication.
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studies have been performed on this subject [1-6].
In a particular case concerning the cell, for in-
stance, it was demonstrated that neurite elonga-
tion tended to grow against the gradient of the
nerve growth factor concentration [1,2]. This indi-
cates that a particular chemical compounds could
guide cell growth direction.

Another important factor which may possibly
control vectorial phenomena is the electric field.
The intensity of the electric field normally under-
gone by normal cells in vivo is very low. Experi-
mentally, however, a wider range of electric field
can be applied to various cells and we present
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results which offer a potential experimental con-
trol mechanism of cell growth.

In comparison with chemical reagents, the elec-
tric field is more commodious. The electric field
can be defined by the following parameters: inten-
sity, time span and location at which electric
stimulus will be concentrated. These parameters
are more flexible and thus vectorial control can be
more easily accomplished using the electric field
than with chemical reagents.

‘It is well known that most biological systems
are composed of inter- of intracellular membranes
which are electrically insulating barriers. There-
fore an externally applied electric potential would
be concentrated on the respective membranes and,
thus, membrane-associated functions would be
preferrentially affected. In fact, a number of stud-
ies have provided experimental evidence of the
effects of the electric field on biomembrane-asso-
ciated phenomena, such as dielectric polarization,
dielectrophoresis [7], pearl-chain formation [8,9],
cell fusion [10-12), and pore formation [13-16).

The budding direction of a wild strain of yeast
(S. cerevisiae) was investigated previously under
electric field on a single-cell level [5]. It was found
that the cell budding tended to occur in a direc-
tion parallel to the electric field. Since the electric
stimulus was an alternating pulsing mode, its ef-
fects should have been due to dielectric polariza-
tion rather than electrolysis and electrophoresis.

However, before advancing the analysis of its
mechanism, it is important to clarify the stage or
event during the cell division cycle which is most
sensitive to electric stimulus and which determines
the budding direction. For this purpose, the cell
division cycle (cdc) mutants of S. cerevisiae are
very useful materials. The cdc mutants can be
arrested at specific stages of the cell cycle simply
by incubation at restrictive temperature (38°C)
and can then be released to progress through the
cell cycle by cooling (25° C) [17-22].

The G, phase of the cell cycle can be roughly
divided into three stages; the first stage lasting
until the occurrence of events controlled by nutri-
ent limitations or the cdc 35 gene, the second
lasting until the events controlled by mating
pheromone or the cdc 28 gene occur and the thrid
stage lasting until the events controlled by the cdc
4 or cdc 7 genes occur. Hereby, the disruption of

the G, phase is possible by using cdc 35 and cdc
28 mutants. The most typical events observed in
which these mutants were arrested were spindle
pole body satellite formation (SPBSF) [18,22] and
spindle pole body duplication (SPBD) [18-21],
respectively. Spindle pole body satellite is an in-
tracellular site at which the spindle pole body
arises [23-25]. After the SPBD, microtubules ex-
tend from the spindle pole body. The G, phase is
followed by the S phase, at an early stage of which
the budding emergence occurs.

In the present study, the effects of electric
stimulus on the budding direction of these two
mutants are investigated. The stage at which the
budding direction should be determined under
electric field is discussed. As is the mechanism of
directional control with electric stimulus.

Materials and Methods

Culture and synchronization of cdc mutants. cdc
35 and cdc 28 mutants were kindly donated by
Dr. T. Ishikawa, University of Tokyo, and Dr. Y.
Ohya of the same university, respectively. cdc
mutants were cultured in YPD medium (yeast
extract 1% /polypeptone 2% /glucose 2%) for 15 h
at 25°C. After collection, the cells were washed
and resuspended in a fresh YPD medium at 25°C.
The suspension was divided into 5-ml aliquots and
maintained at 25°C in test tubes. 1 aliquot was
incubated at 38° C for 2 h before use. This proce-
dure arrested the cells at a stage before SPBSF for
cde 35 or SPBD for cdc 28 in the G, phase.
Several microliters of the suspension were trans-
ferred into the jacketed vessel filled with YPD
medium at 38°C under a microscope, as il-
lustrated in Figs. 1 and 2. One cell became fixed at
the tip of a supporting capillary tube (2-3 pm in
diameter) with slight suction, within 1-2 min.
Then temperature of the medium was lowered to
start the cell cycle as described below.

Temperature control of cdc mutant cells. In the
present experiments, temperature control was im-
portant in order to adjust the starting point of the
cell cycle. Since mechanical stirring of YPD
medium in the vessel caused detachment of the
cell from the supporting capillary tube, the medium
was cooled by conduction only using a jacketed
vessel as shown in Fig. 1. Initially, the tempera-
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Fig. 1. Experimental set-up for electric stimulation of single

cell of the cdc mutant of yeast. 1, microscope; 2, yeast cell; 3,

supporting capillary tube; 4, microelectrode; 5, YPD medium;

6, jacketed vessel; 7, thermistor; 8, resistance meter; 9, valve;
10, temperature-controlled bath.

yeast cell
locus of budding
A

supporting capillary

-y

Fig. 2. Determination of budding direction. The budding posi-
tion (A) was projected to A’ on the x’, y’-plane. A was rotated
about OB until OA became parallel with the x, y-plane. C
indicates the position at which A moved. The angular dif-
ference 8,, (£BOA) is equal to «BOC, namely #B'O’C’ on
the x”, y’-plane. The budding direction was represented by the
normalized value (0); ©=0,, (6,<90°), ©=180° -6,
(90° <@, <180°), ©=6,,~-180° (180° <O, <270°), O
=360° -6, (270° <6, <360°), where O, is a measured
value.
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ture of the medium was maintained at 38°C when
water, maintained at 43° C, was transferred to the
jacket. The temperature was lowered by successive
transfer of water at 0°C and water at 25°C. A
monitoring thermistor was placed at the middle of
the vessel. The temperature at the exact position
of the fixed cell (cell position) was monitored
simultaneously with another thermistor. In this
way, the difference of the time courses of the
temperatures at these two positions was calibrated.

Electric stimulation. An electric stimulus was
applied with two of microelectrodes. Preparation
and handling of microelectrodes were performed
as described in Ref. 5. Alternating pulses (pulse
height, +15 V; pulse width at half pulse height, 5
ps; frequency, 10 kHz) was applied with a pulse
generator. The intensity and spacial profiles of the
peak height of the pulsing electric field were
estimated as described in detail in the Appendix.
At the cell position, the peak height was estimated
as 1.61 kV-cm ™. Assuming that a yeast cell is a
single spherical shell with a radius of 2 pm, the
peak cross membrane potential value was esti-
mated as 472 mV at @ =0°, while its minimum
was 0 mV at @ =90°,

Determination of the budding direction and bud-
ding time. Microscopic observation was continued
until budding of the fixed cell with or without
electric stimulus was observed. The budding time
is defined as the period between the relief of cell
cycle arrest (T=0) and the bud emergence. The
inverse of the budding time is named the budding
tendency. If budding did not occur within 1 h, the
cell was discarded.

Contrarily, the effects of the electric stimulus
on the arrested cell were checked separately. Ornie
of the arrested cells was fixed as described above.
The electric stimulus was then applied for 20 min
with the temperature maintained at 38° C, Subse-
quently, the electric stimulus was ceased and the
temperature was lowered. Observation continued
similarly until budding, was recognized.

The budding direction was determined as il-
lustrated in Fig. 2. The budding position (A) was
projected onto a horizontal (x’, y’) plane. The
x-axis corresponds to the direction of the electric
field, whose direction was taken as 0°. The angu-
lar difference between the budding position and
the x-axis is given by O,,. Since alternating pulses
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were applied, the budding direction is represented
by the normalized value (@) as defined in the
legend to Fig. 2.

Results

The temperature-controlling system

Initially, the temperature at the cell position
(Fig. 3, position A) was adjusted to 39-41°C.
When water at 0° C was transferred to the jacket,
the temperature began to decrease. The tempera-
ture profiles around the 35°C were almost the
same, independent of the initial temperature. In
the same manner, similar profiles were obtained at
temperatures around 35° C at position B (the mid-
dle of YPD medium).

The temperature at position A decreased more
rapidly above 33-34°C than the temperature at
position B. This is probably because position A
resembled the atmosphere maintained at 25°C.

40PN\
) A
o
N
\\
% 1. F
)
) —8B
k]
4
35

Temperature(*c)

30}

25

0

Timel(sec)

Fig. 3. Comparison of the time courses of temperature at the

cell position (A) and the thermistor position (B). Solid lines 1,

2 and 3 (position B) correspond to the broken lines 1, 2 and 3
(position A), respectively.
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Fig. 4. Budding direction of cdc 35 mutant of S. cerevisiae.
The distance from the origin represents the cell budding tend-
ency (the inverse of the budding time). E-F indicates the
electric field. (@), without electric stimulus; (O), with electric
stimulus; (&), with electric stimulus during arrest.

Below 32°C, however, the temperature decreased
more slowly than that at position B.

The cell cycle of cde mutants begins at a tem-
perature of 35°C, though progress is very slow
around this temperature. The time at which the
temperature at position A reached 35°C was taken
as time zero (T = 0), and corresponded to the time
at which the temperature at position B reached
37°C. The temperature at position A reached
25°C at about 100-110 s and then reached a
steady state level after a slight undershot.

Effect of electric stimulus on the budding direction of
cde 35

Fig. 4 shows results of the budding direction
and the cell budding tendency (inverse of the cell
budding time). Without electric stimulus, no ap-
preciable dependence was observed in the budding
direction, whereas when subjected to the electric
field, cell budding seemed to occur in a direction
parallel to that of the electric field. This direc-
tional dependence is more clearly shown by the
histograms of Fig. 5. Without electric stimulus,
sample cells budded in the direction 0°-69° and
the budding average (@) for 15 samples was 46°.
In sharp contrast, @ was in the range 0°~40° and
© was 16° in the presence of an electric stimulus.
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Fig. 5. Histograms of the budding direction of cdc 35. The

angular division is 10°. On and Off show application and

removal of the electric stimulus. The Z-like indication is of the

temperature profile obtained from Fig. 3. 1, without an electric

stimulus, © = 46°; 2, with the electric stimulus, ®=16°; 3,

electric stimulus during arrest, @ = 33°. The theoretical value
for uniform distribution was 0 = 45°.

On the other hand, when the electric stimulus was
applied to the arrested cell, ® was 33°.

The significance of these results was tested
based on Student’s r-distribution and is sum-
marized in Table 1. A 95% confidence interval
(95% CI) of 35 (2) does not overlap 95% CIs of 35
(2) and UD (2). Therefore, the results of 35 (2)
show the effect of the electric stimulus with 95%
certainty. On the other hand, the 95% CI of 35 (3)
overlaps a small portion of the 95% CI of 35 (2).
However, 80% CIs of 35 (2) and 35 (3) no longer
overlap. Therefore, 35 (3) can be classified to
different results from 35 (2). The electric stimulus
is, therefore, effective for budding direction con-
trol after SPBSF.
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Fig. 6. The budding direction of cdc 28 mutant of S. cerevisiae.

The distance from the origin represents the cell budding tend-

ency. E-F indicates the electric field. (®), without electric
stimulus; (O), with electric stimulus.

Effects of an electric stimulus on the cell budding
direction of cdc 28

The event of SPBSF is followed by SPBD,
spindle pole body separation, and budding emer-
gence in the cell cycle. We, therefore selected cdc
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Cell Budding Direction(*)
Fig. 7. Histograms of the budding direction of cdc 28. The
angular division is 10°. 1, without electric stimulus, & = 39°;
2, with the electric stimulus, © = 21°.
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TABLE 1

TEST OF SIGNIFICANCE OF BUDDING DIRECTION AND BUDDING TIME

Student’s r-distribution was addopted. 35 (1), 35 (2) and 35 (3) correspond to the results of (@), (O) and (a) in Fig. 4, respectively. 28
(1) and 28 (2) correspond to the results of (®) and (Q) in Fig. 6, respectively. UD (1) and UD (2) are theoretical values calculated for
uniform distributions of 15 samples and 10 samples, respectively. Confidence intervals are given by the following equation: F—

t\/):;',,l(F,- - F)z/n(n -1)<F<F+ t\/if'_,(l’,- - f)z/n(n —1) where ¢ is the number for Student’s t-distribution and # is the
number of samples. F denotes the average of F. F=@ for budding direction and F=T for budding time.

Case n Budding direction, ©° Budding time, T (min)
2] 95%CI 80%CI T 95%CI 80%CI

35(1) 15 46 35-57 39-53 10.1 7.6-12.6 8.6-11.7
35(2) 15 16 7-25 11-22 7.1 49- 9.2 5.7- 84
35(3) 10 33 17-48 23-42 15.5 13.3-17.7 14.2-16.8
28(1) 15 39 23-56 29-50 10.9 8.9-129 9.6-12.1
28 (2) 15 21 12-29 15-26 6.2 41- 8.3 49- 175
UD Q) 15 a5 29-61 35-55 - - -

UD (2) 10 45 23-67 32-58 - - -

28 as the next sample mutant, which could be
arrested before SPBD. '

Fig. 6 shows the budding directions and the cell
brdding tendency. As above, the directional de-
perdency is represented in two histograms shown
in Fig. 7. In the absence of an electric stimulus, ©
rangea from 0° to 90° and O was 40°, whereas
in the presence of the electric stimulus, © ranged
0° to 40° and © was 21°.

As shown in Table I, 80% CI of 28 (2) does not
overlap that of 28 (2) nor UD (1). Therefore, the
results of 28 (2) show the effect of the electric
stimulus with 80% certainty. In other words, the
electric stimulus is still effective in controlling the
budding direction after SPBD.

Effects of electric stimulus on cell budding time

The cell budding times (T) of cdc 35 and cdc
28 are summarized in Figs. 8 and 9, respectively.
It should be noted that the electric stimulus may
reduce the cell budding time. This is supported by
the significance test. For cdc 35, 95% CI values of
T were 7.6-12.6 min and 4.9-9.2 min without and
with the electric stimulus, respectively. In the case
of cdc 28, 95% CI values were 8.9-12.9 min and
4.1-8.3 min without and with the electric stimu-
lus, respectively. Therefore, the effects of the elec-
tric stimulus on the cell budding time are signifi-
cant with 95% certainty. These are the accelerating
or promoting effects of cell cycle.

It should be noted, however, that an electric
stimulus does not always produce a promotive
effect. When the electric stimulus was applied to
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Fig. 8. Histograms of the budding time of c¢dc 35. The time
division is 10 min. 1, without electric stimulus, T =10.1 min; 2,

with electric stimulus; T=7.1 min; 3, with electric stimulus
during arrest, 7 =15.5 min.
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Fig. 9. Histograms of the budding time of cdc 28. The time
division is 10 min. 1, without electric stimulus; 7°=10.9 min; 2,

with electric stimulus, T = 6.2 min.

arrested cells, it inhibited cell budding as demon-
strated with cdc 35 (Fig. 8 3). In this case, 95% CI
of T was 13.3-17.7 min for 10 samples.

Discussion

The present study demonstrates that the elec-
tric stimulus for- control of the budding direction
is effective after SPBD. During this stage, micro-
tubles begin to grow from the anchorage sites of
spindle pole body. Each microtubule undergoes
continual addition and polymerization of tubulin
molecules at the growing end. Finally, the micro-
tubules protrude at a certain locus of the cell
surface, which may become the budding position.

If microtubules grow linearly, like a rigid bar,
this indicates that the budding direction has al-
ready been determined at the initial stage of its
growth. Contrarily, if microtubules are flexible
during growth, the budding direction cannot be
determined until bud emergence has actually oc-
curred. Though we have no experimental evidence
at present, the latter case seems to us more feasi-
ble.

The following presents some speculations about
which events after SPBD are relevant to direc-
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tional control by the electric field. The first specu-
lation is based on the flexible properties of grow-
ing microtubule as described above. Subjected to
an alternating electric field, microtubules would
polarize like other dielectric particles and, thus,
their free (growing) end would elongate along the
electric field. As a result, the budding position
would become the locus in a direction parallel to
that of the electric field. Considering the field
strength of the cell inside (39 V- cm™?'), however,
such a mechanism might not be possible.

A more probable mechanisms would be based
on events associated with the mechanical strain of
the cell membrane, because the electric field is
concentrated on the cell membrane as described in
detail in the Appendix. Previous observations show
that the breakdown of cell membrane (pore for-
mation or fusion) occurs when the cross mem-
brane potential exceeds 1.0 V [13-16]. According
to this criterion, the present experimental condi-
tion (maximal Vipp =472 mV) causes consider-
able mechanical purturbation, though it does not
necessarily lead to pore formation. As a result of
such mechanical purturbation, a change of ionic
permeability is expected to occur. In fact, recent
observation of patch clamp experiments [26] has
shown that a voltage-sensitive ion channel exists
in yeast cell membrane and that it is sensitive to
about 50 mV (outside positive) of cross membrane
potential [27].

Assuming that some steps of metabolism will
be blocked by particular ionic conditions, there is
a possibility that such a blocking step will be
released by the electric field. From this viewpoint,
the role of Ca®* seems very significant. If Ca2*
influx is enhanced, it might become a trigger for
certain cells to move from the G, to G, stage.
Such effects of the Ca®* influx are supported by
experimental results on lymphocyte [28]. Ca?*-de-
pendent transition from the G, to the S stage was
also demonstrated in cultured cells of rat liver
[29].

In the case of S. cerevisiae, the significance of
Ca’* is also suggested as relevant to the cell cycle
control [30-32]. The presence of Ca®*, for exam-

~ ple, inhibits the budding of a calcium-sensitive

mutant [31]). It is feasible that variation:of the
Ca®* flux might promote budding by cancelling
out the inhibiting effects of Ca?* mentioned above.
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However, it is not certain whether these effects on
membrane transport systems could be produced in
such a site-specific manner as may control the
budding direction.

Another possible mechanism is based on the
effects on the membrane fusion process. It is well
understood that hydrolysis of the cell wall is nec-
essary before budding emergence can occur. In the
cytoplasma, there are small vesicles containing cell
wall hydrolyzing enzymes such as exo-1,3-8-
glucanase [33]. These enzymes have to exit the cell
so that they can make contact with the cell wall. It
is suggested that this process would be facilitated
by fusion of the cell membrane and the vesicle
membrane. Such membrane fusion would be pro-
moted by an electric stimulus. Therefore, the cell
wall hydrolysis proceeds preferrentially at the locus
where the electric field is strongest.

It is also probable that mechanical disturbance
might generate a pore or notch in the cell mem-
brane where the growing end of the microtubule
could protrude. This means that the budding di-
rection would depend more directly upon mecha-
nical properties of the cell envelope than the in-
tracellular biochemical processes. This assumption
does not contradict the former observation that
yeast cell budding tended to occur at greater
curvature of cell the outline, where mechanical
strain would greatest [34].

In conclusion, mechanical properties of the cell
membrane are considered an important factor in
the speculation of the control mechanism by elec-
tric stimulus.

Appendix

Peak value of electric potential between the micro-
electrode tips (Us) '

The electric potential appearing between the
tips of microelectrodes (Us) is given by the follow-
ing equation:

Zs

Us= o 57, +2,

U (A-1)

where Z,, Z;, Zg are impedances of microelec-
trodes (A, B) and solution (S), respectively. U, is
the electric potential applied between the micro-
electrode terminals. Combining Z, and Zj to

give Z., the equation (A-1) can be simplified as
follows:

— ZS
Tz 2
The peak value of U, (V) is given by the following
formula:

[Zs]

etz

-max | U, | (A-3)

The value of |Z:+ Zg| was obtained by mea-
suring the total impedance of Z: and Zgypp
where Zgypp is impedance of YPD medium (elec-
tric resistivity: p=2.86-10? £-cm) between the
microelectrode tips, i.e.

| Zc+ Zs| = | Zc + Zgypp |
=65M (A-4)

Total impedance obtained by replacing YPD
medium by 3 M KCl (p=2.63 £-cm) corre-
sponded approximately to that of the microelec-
trodes, because |Z-| was of the same order as
| Zsypp | and | Zgspker | was sufficiently less than
| Zsyrp |- Thus | Zg} was given as follows:

1Zs|=1Z1+— Z¢| = | Z1rypp — Z13Mxkall

= Zryeol = 1273l
=65MQ2-25M &

=40MQ (A-5)

Substituting 15 V in max |U, | of Eqn. (A-3), V,
was estimated as 9.2 V.

Spacial profile of the peak potential

Point electrode analysis. Initially, the electric
field between the microelectrodes was calculated
based on the point electrode model. Assuming
that microelectrodes can be replaced by a point
charge, Q and —Q located at P, (b, 0) and Py
(—b, 0), respectively, in the x, y-plane, the elec-
tric field strength midway (at X =0) is given as
follows: ’

_0 ( 1 1 ) '
V=tr - (A6
TN G- hrraeey )




v _e. b _
Axlx-0 27 (y2 + 527 (A-T)

v _o0 1 _
Eo:?x_ e=0,y=0 27€ b2 (A-8)

Where ¢ is the dielectric constant of the medium.
At the surface of the spheres with radius a (a < b)
situated at P, (b, 0) and Py (—b, 0), electric
potentials are given as follows:

_92q1_1 -
Ven= 3z (a = 35) (4-9)
_-o(1_1 .
Ves= 2o (2~ 25) (A-10)

Q(2_ 1\, 0 2_ 0
WV Ve (575) Ta s T D
From Eqns. A-8 and A-11, E_ becomes
q o
£~ (A-12)
b

Substitution of ¥, =92V, =10 pm and a =0.05
pm gives E, =46 V-cm ™, This value is too small
in comparison with the result obtained by a more
exact analysis given below. This is partly because
the equivalent radius of the microelectrode tip was
underestimated.

objective
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Computer analysis. A computer program ‘SU-
PERFISH’ was applied to the analysis of iso-
potential lines between the microelectrodes. Fig.
10 indicates a model for the microelectrode sys-
tem. The ‘SUPERFISH’ was originally developed
for the analysis of the spacial profile of the static
electric field between axisymmetric electrodes of a
linear accelerator [35]. As shown in Fig. 11, the
potential gradient at the midpoint between the
microelectrodes (E,) was estimated as 1.61 kV -
cm™ L

Cross membrane potential (V,,p) and potential
gradient of the cell interior (E,,;)

Spherical shell model in which the shell interior is
an ideal electric conductor. The cross membrane
potential (V\p) was calculated based on the
model of the spherical shell, the interior of which
is an electric conductor. The following are
Laplace’s equation with boundary conditions.

AV =0 (A-13)
¥ 0 atr=r+d (A-13)
ar
V=0 forr<R (A-15)
a—V=—ED asr—co (A-16)
ox

lens

0.08 0.04 0.08
0.0icm cm0-004m — cm  cm 0.05cm
< ) . 0 '05}111'! R_ Z
~ ¥ A
glass capillary O'gm " 0.8¢cm 0.8cm logm Pt wire
Vo.tem 20pm - Odent |
2.4cm YPD medium

Fig. 10. Dimensions of the microelectrode system. The shaded part represents YPD medium. The surface of the YPD medium was in
contact with an object lens of the microscope and pulled up slightly.
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Fig. 11. The electric field between microelectrode tips. Each
dimension is shown in Fig. 10.

Solving these equations we obtain:

3
R+d
Vou(r) =~ Eo(’+(—22‘l'

)cos@m forR+dx<r
r

(A-17)
V,.(r)=0 forr<R (A-18)

At the outer surface and the inner surface of the
shell

Vou(R+d)=—3E;(R+d)cos O, (A-19)
Vin(R) =0 (A-20)
< Vemp =Vou(R+d)—Vin(R)

=—3Ey(R+d)cos O, (A-21)

Substitution of E,=1.61kV-cm~'and R+d=2
pm gives Vepp =483 cos © mV. This value is
quite similar to that obtained by the more exact
model described below. However, the electric field
distribution within the membrane phase cannot be
obtained by this simple model.

Spherical shell model in which dielectric con-
stants of respective phases are considered. Consider-
ing the dielectric constants of the shell and its
interior as well as the external medium, a more
exact analysis of electric potential profile was
performed. Pauly-Schwan’s equation [36] is
adopted here.

- —9¢e5Epr cos @m
" (2, + €5)(2eg+ €)+2(€ep —€g)(€s— €)W

(A-22)

Ve —3ea(Reg+€)Egrcos O,
shell = Qe+t eg)(Qeg+€)+2(es —€5)(€g— €W

+ —3e,(es~€)E,R3 cos O,
{QQep+ eg)(2eg+€1)+2(€s —€5)(€5— :l)w}r2

(A-23)
Vour == E,rcos = [{(ea— €5)Qes+ 1)
+(ea+2es) (€5~ €)0} Eg(R +d)’ cos O,,]
X[{(2ea+€s)(2es+¢;)
+2en—es)es—ew)r] (A24)

where r is distance from the origin (‘O’ in Fig. 2).
As regards other parameters, the following values
were assumed referring to the data in Ref. 37: ¢,
(dielectric constant of YPD medium) = 80; g (di-
electric constant of shell (cell membrane)) = 6.62;
€; (dielectric constant of intracellular matrix) =
50.7; R+ d (outer radius of cell) =2-10"*cm; d
(cell membrane thickness) =75 A; w (volume
ratio)=[R/(R + d)]’; E, (electric field of cell
outside) = 1.61 kV-cm ™1 If €, > €5 and ¢; > g
are assumed, Eqn. A-24 becomes equal to Eqn.

-4,4 Y 4,4

0 \'~\ \

-4,-4 -y 4.-4

Fig. 12. Isopotential lines in a single shell model under a-

uniform electric field. The following parameters and boundary

conditions were used. Outer diameter, 4 pm; inner diameter,

3.2 pm (the membrane thickness was exaggeratedly increased

to help understanding); E,=1.61 kV-cm™; V(0, y)=0 mV;

V (4, +4) = —644 mV; V(—4, 1+4) =644 mV. One division of
the isopotential lines corresponds to 40.25 mV.



A-19. On the other hand, the Eqn. A-22 becomes:

—9¢sEqrcos O,

2¢(1—-w) (A-25)

Vin=

Ve 18 given by the difference of V, at r=R+d

out

and V,, at r=R. The peak value of Vi \p was
calculated as 472 mV at @ =0°, while its mini-
mum was 0 mV at ©@=90°. Within the mem-
brane, the potential profile is given by Eqn. A-23.
Electric field inside the cell (E,;) was estimated
at 39 V-cm~!. Fig. 12 illustrates how the iso-
potential lines are obtained from Eqns. A-22 to
A-24.
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