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In order to clarify the mechanism of the shape change of human erythrocytes induced by anionic surfactants, kinetic
experiments were performed using the stopped-flow technique and the conventional spectroscopic method. In the time
range from 0.1 s to a few dozen minutes, four kinetic processes were observed. In the dead time of the stopped-flow
apparatus (within 10 milli seconds), a decrease in the intensity of the transmitting light was observed. Based on an analysis
of the dependence of the relaxation time of each process on the surfactant concentration for various reaction schemes,
we propose a most plausible reaction model that includes four kinds of binding processes of the surfactant and three
intramolecular processes. In the present paper, based on this model, we discuss the detailed mechanism of the shape

change of the erythrocytes.

The erythrocyte membrane comprises a phospholipid bi-
layer, membrane proteins, and skeletal proteins that support
the lipid bilayer from the cytoplasmic side.'® Hemoglobin
and other soluble components are contained in the erythro-
cyte. The biconcave-disk shape of the erythrocyte is main-
tained through the interactions of these integrated compo-
nents and the osmotic balance between the inside and the
outside of the erythrocyte. Its shape can be made to vary
through various operations, such as the addition of elec-
trolytes or amphiphiles. Generally, electrolytes and anionic
amphiphiles induce a shape change in the echinocyte (sphere
with small spicules), and cationic amphiphiles induce it in
the stomatocyte (cup form).> So far, we have studied the
mechanism of shape change in an echinocyte induced by
electrolytes statically and kinetically, and have clarified that
the shape change induced by electrolytes progresses via two
steps: (1) a rapid (within 1 s) shape-changing step from
the normal biconcave disk to a flat disk due to water efflux
caused by a difference in the osmotic pressure between the
inside and the outside of the erythrocyte; (2) a slow shape-
changing step from a flat disk to an echinocyte caused by a
conformational change of the skeletal proteins and changes
in the soluble components of the cytoplasm.®

Meanwhile, for the mechanism of a shape change induced
by amphiphiles, the “bilayer couple hypothesis” proposed
by Sheets and Singer has been generally accepted.” In this
hypothesis they have stated that the anionic amphiphiles stay
in the outer layer of the lipidbilayer because of an electric
repulsion between the negative charges of the polar head
group and the acidic phospholipids, which have negative
charges (under physiological conditions), and are localize in
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the inner layer of the lipid bilayer. They thus cause the outer
layer to expand more than the inner layer, so that the erythro-
cyte transforms into an echinocyte. At the same time, the
cationic amphiphiles intercalate into the inner layer prefer-
entially, because of an electrostatic attraction between their
polar head group and acidic phospholipids, and then induce
shape changes in the stomatocyte. Clarifying the mechanism
of such shape changes is very significant because it would
lead to not only a clarification of the correlation between
the membrane structure and its functions but also would
provide a comprehensive undérstanding of the action mech-
anism of drugs. Although several investigations have been
carried out,*'® ambiguity concerning the mechanism of the
shape change induced by amphiphiles remains. We chose
sodium alkyl sulfate from a typical anionic amphiphile as an
echinocyte inducer, because of its simple molecular structure,
and because we had already performed binding experiments
with it on human erythrocytes using surfactant ion selec-
tive electrodes, and differential scanning calorimetry (DSC)
measurements to elucidate the binding manner and the bind-
ing site of surfactants on the erythrocyte membrane.'” In the
binding experiments with surfactant ion selective electrodes,
it was found that all of the surfactants studied bound to the
erythrocyte in two steps in the concentration range where a
shape change occurred. Analyzing the binding ithoserms, it
was clarified that the first binding is stronger than the second
binding, and that the hydrophobic interaction between the
alkyl chain of the surfactants and the erythrocyte is a main
driving force for each binding. Further, utilizing DSC mea-
surements for the erythrocyte ghost, the binding site of the
surfactants on the erythrocyte membrane can be determined
from the peak shift of the DSC spectrum. Brandts el al. had
already found that the DSC of the erythrocyte ghost has five
peaks — A (T}, =50°C), B; (Th, =55°C), B, (T, =62°C), C
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(T, =67°C) and D (T, =77°C) — and that these transitions
could be attributed to the thermal transition of spectrin (A),
the lipid boundary of band 4.1 and band 4.2 (B;), the lipid
boundary of band 3 (B;), the lipid bilayer (C), and other pro-
teins (D), respectively.'>'¢!% We utilized their method for the
erythrocyte—sodium alkyl sulfate system and observed fol-
lowing things: 1) At the concentration range where only the
first binding of the surfactant was observed, the peak temper-
ature of B, shifted down by 3 °C, while the other peaks did
not shift. 2) When the second binding was observed, the peak
temperature of C also shifted down by 3 °C, accompanied by
a shifting down of the peak temperature of B,. From these
experiments, it was shown that sodium alkyl sulfates bound
in two steps, and that their binding sites were the bound-
ary lipid region of band 3, one of the membrane proteins
of the erythrocyte, and the lipid region of the membrane.
In order to elucidate such a mechanism, however, kinetic
experiments are indispensable and provide very useful infor-
mation. Thus, in the present study, in order to understand
in more detail the mechanism of the shape change, we per-
formed kinetic experiments using a stopped-flow apparatus
and the conventional spectroscopic method. Combining the
results from both the static and kinetic experiments, we have
proposed a model of the mechanism for the shape change of
the human erythrocyte induced by sodium alkyl sulfates.

Materials and Methods

Reagents. The reagents used in the present study were of
guaranteed grade and were used without further purification.

Surfactants. In the present study, sodium alkyl sulfates
(CrH214,10S03Na), anionic surfactants, were used as an echinocyte
inducer. Among these surfactants, we chose sodium hexyl sul-
fate (Cs), sodium octyl sulfate (Cs), sodium decyl sulfate (Cio),
and sodium dodecyl sulfate (Cj2). Ci, was for biochemistry, and
was purchased from Wako Pure Chemicals Co. The other three
surfactants were synthesized according to Dreger el al.'? and re-
crystallized two times from ethanol. The purity of the synthesized
surfactants was estimated at 99.5% by elementary analysis and cmc
measurements.

Preparation of Erythrocytes. Blood was drawn from the
healthy adults by vein puncture into heparinized tubes. Erythro-
cytes were separated from heparinized blood by a 900 g centrifuga-
tion, and washed five times with a buffer containing 140 mM NaCl,
20 mM Tris-HCI (1 M= 1 mol dm™>) at pH 7.4 (isoTBS). The ery-
throcytes were prepared within a few hours after drawing blood and
were used with dilution by isoTBS to the appropriate concentration.
The prepared erythrocytes were utilized for experiments within 48
h, and kept at 4 °C until just before use, to prevent spontaneous
transformation into echinocyte shapes, even in isoTBS.

Kinetic Experiments.  Kinetic experiments were undertaken
mainly using a stopped-flow apparatus (RA-401, Unisoku Co.,
Ltd.) with optical detection, such as the transmittance and scat-
tering intensity of light. In the case of transmittance detection, the
wavelength of detection was chosen to be 4 =485 nm, and in the
case of scattering light detection, A =365 nm was applied because
of the small absorption of hemoglobin and the large amplitude of
the reaction. The experiments were carried out at 37£1°C. The
erythrocyte concentration was kept at 0.15% hematocrit (2.4 x 107
cells mL™"). Prior to the kinetic experiments, observations of the
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erythrocyte shape and the hemolysis experiments were carried out
using the same procedures as previously reported.'” Generally, in
an extra low-concentration range of the surfactants, a shape change
in erythrocytes does not occur; that is, a shape change is induced
only above the critical concentration of the surfactants. Moreover,
in a high-concentration range, surfactants induce the hemolysis of
erythrocytes. Since the object of the present work was to inves-
tigate only the shape change, we chose the optimal concentration
range for the kinetic experiments from microscopic observations
and hemolysis experiments. Only then was the concentration range
of each surfactant decided: for Cs, 4—20 mM, for Cg, 1—7 mM, for
Cio, 50—400 pM, and for Cy2, 5-—40 uM. The kinetic experiments
were carried out at several points within each concentration range.
These concentration ranges were significantly lower than the cmc
of each surfactant, suggesting that only the surfactant monomers
participate in the shape change of the erythrocyte.
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Fig. 1. Typical reaction curves observed (a) in process 1
(P1) with transmitting light detection, (b) in process 2 (P2)
with scattering light detection, (c) in process 3 (P3) with
scattering light detection and (d) in process 4 (P4) with
transmitting light detection in erythrocyte—Cio system. The
concentration of Cyp was (a) 50 uM, (b) 300 uM, (c) 250
uM, and (d) 100 pM. The detection wavelength is 1 =485
for the transmitting light and 4 =365 for the scattering light.
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Fig. 2. The concentration dependence of 77! for process 1 (Py) (a) for Cs, (b) for Cs, (c) for Cyo, and (d) for Cys.

Table 1. Equilibrium Constants of Each Process

Ko K K> K3 K Ky K;
M~! M! M! M™!

Cs 05 7.99 x 107 7.22 263%x107%  7.5x10* 3.83x1072 5.0x10*
0.5) 2.0) 0.7) 0.9)

Cy 075 3.75%x10° 68.6 1.54%x 1073 25x10° 432x107% 25x10°
0.8) (16) 0.3) 0.6)

Co 10 1.08x10° 1.93x10° 1.49x107% 1.0x10° 221x1072 7.5x10°
0.4) 0.5) 0.4) 0.4)

Cp 15 3.17x10°
(1.5)

The numerals in the parenthesis on the table are standard deviations.

Results

Before the kinetic experiments, optical-microscope ob-
servations were performed. As previously reported,'? first,
the erythrocyte became a sphere with short, small spicules
(sphero-echinocyte defined by Bessis'?), at latest, within 10
s after the addition of the surfactants; then, those spicules be-
came larger (echinocyte IN'?) within the next 20 min. These
shape-change steps were observed with good reproducibility,
and were the same for all surfactants. It, furthermore, corre-
sponded to those observed by Isomaa et al.® Figs. 1a, 1b, Ic,

and 1d show typical reaction curves observed by optical
detection for the shape changes induced by sodium alkyl sul-
fates. In the time range from 0.1 s to a few dozen minutes,
four kinetic processes were observed. In the dead time of the
stopped-flow apparatus (within 10 milli seconds), although
a decrease in the intensity of the transmitting light was ob-
served, no reaction curve was obtained. We defined these
processes as process 0 (Pp), process 1 (P;), process 2 (P,),
process 3 (P3), and process 4 (P4), in the order of their rate.
P, and P4 were observed by transmitting light detection and
P, and P; by scattering light detection. Py, P;, and P4 were
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Fig. 3. The concentration dependence of ™" for process 2 (Py) (a) for Cs, (b) for Cg, and (c) for Cyo.

Table 2. Rate Constants of Each Process

ki k_q ky k_y k3 k3 ks k4
s1 s7! M ls™! s7! s~! g1 g1 g1
Cs 723x10° 9.05 10.7 138 1.05x107! 404 1.76x1072 459
0.3) 0.2) (0.8) 0.2) 0.3) 0.5) 0.3) 0.4)
Cs 3.11x10* 831 16.4 0239 225x1073 146 422x107% 977
0.5) 0.4) 0.5) 0.04) 0.5) 0.3) 0.5) 0.4)
Cio 281x10* 0261 342x10° 177  243x107%2 163 3.77x107%2 1.71
0.4 0.2) (0.5) 0.2) 0.6) 0.4) 0.3) 0.2)
Cr  2.03x10° 0.641
0.5) 0.1

The numerals in the parenthesis on the table are standard deviations.

observed in all systems. In the Cy, system, P, and P; were
observed only at 40 uM; at lower concentrations, reaction
curves were not observed because of the small amplitude. In
the other three systems, P, and P; were observed at all mea-
sured points. Figures 2, 3, 4, and 5 show the concentration
dependence of the relaxation time (z~!) of each process for
the four surfactants. As shown in Figs. 2 and 3, 7! of P,
and P, was positively dependent on the surfactant concen-
tration. On the contrary, as shown in Figs. 4 and 5, 7L of P;
and P4 was negatively dependent. The 7! of each process
was not dependent on the erythrocyte concentration (data not
shown). This implies that the concentration of the surfac-

tants is sufficiently higher than that of the binding site on the
erythrocyte under the present experimental conditions.
Upon analyzing these kinetic data, we examined many
reaction schemes for a shape change. Among these, we pro-
pose the following reaction scheme as being the best model
(Scheme 1). In this scheme, Py, P,, P}, and P} represent
the binding processes of the surfactant on the erythrocyte.
P, P3, and P4 represent the intramolecular processes of the
complex between the surfactant and the erythrocyte. P¥
equilibrates faster than Ps. Pff equilibrates faster than Py.
To interpret the negative dependence of 7! on the surfac-
tant concentration, such as P;3 and P4, more satisfactorily,
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Fig. 4. The concentration dependence of 77! for process 3 (P3) (a) for Cs, (b) for Cg, and (c) for Cyo.

Po P P2 P3 P3* P4 P4*
S S S : S
ki Yk k k
ROv&—‘RI‘—ki—ISR2-%2ﬂR3=k—:‘R3*\-L—‘R4 ‘-l:—4\R4“ -L—st

Ko K1 K2 K3 K3* K4 Ka*
Scheme 1.

the intramolecular process coupled with the subsequent fast
surfactant binding process was considered. Thus, P¥ and P}
were introduced into the reaction scheme. R;, in the scheme,
denotes the binding site of the erythrocyte and S denotes the
free surfactants. From the rate equations for each process,
the following formulas of the relaxation time for each proc-
ess were derived as the function of [S] and the equilibrium
constants for each process with the condition that [Ry] was

much smaller than [S]. The derivation of these formulas is

summarized in the Appendix.

For P], K [s]
—1 _ 0
T = 1+Ko[S]k1 +k_1. (€]
For P,, 5
1 KoKi[S]
BTy AEY A ki )
For Ps,
(1+K3[SD 7 ' = Bks +k_3, ©)

with
_ (1+ K3 [SDKoK K, [ST
- 1 +K() [S] +KOK1 [S] +K0K1K2[S]2 ’
For P4,
(1+K;[SD7 ' =Dks + ks, @
with
D=

(1+K; [SDKoK1 K2 K3 K3 [ST
1+Ko[S]1+Ko K1 [S1+Ko K1 K> [S]2+K0K1 K>K3 [S]2+K0K1 K2K3K; [S]3 ’

[S] indicates the molar concentrations of the free surfactant.
In analyzing P;, assuming the value of Ky in Eq. 1, the
concentration term on the right-hand side in Eq. 1 was plotted
against 7~ 1 and the rate constants k; and k_;, obtained from
the slope and the intercept. The equilibrium constant of P,
(K1) was calculated from K;=k;/k_;. In analyzing P,, the
concentration term on the right-hand side in Eq. 2 was plotted
against 7~ ! and the rate constants k, and k_,, obtained from
the slope and the intercept. The equilibrium constant (K3)
was calculated from K>=k; /k_;. As for analyzing P; and Py,
assuming values of K5 and K}, the terms on the left-handed
side in Eqgs. 3 and 4 can be plotted against terms B and D,
respectively. The rate constants k3, k_3, k4, and k_4 could be
obtained from the slope and the intercept of these plots. In
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Fig. 5. The concentration dependence of 7! for process 4 (P4) (a) for Cs, (b) for Cs, (c) for Cyg, and (d) for Cia.

the same manner as the analysis of P; and P, the equilibrium
constants (K3 and K4) were calculated from K3=k3 /k_3 and
Ky=ky/k_4. Typical examples of these analyses are shown
in Fig. 6. As can be seen in these figures, each process
was analyzed satisfactorily based on the above formulas. In
analyzing any other models (e.g. the scheme which includes
only two binding processes or three binding process), all of
the observed processes could not be analyzed satisfactorily.
That is, in all such cases, especially in analyzing P; or P4,
the intercept of the analyzing plot became negative, and
the kinetic parameter could never be determined (data not
shown). It was thus concluded that this Scheme 1 is the best
model for the shape change of the erythrocyte. The evaluated
equilibrium constants are listed in Table 1. The evaluated
rate constants are listed in Table 2. Figure 7 shows the
dependence of the equilibrium constants on the alkyl chain
length of the surfactants. As for Kj, it does not show as
great a dependence on the hydrophobicity of the surfactant,
and it seems that the stabilization of the complex by the
binding of the surfactant is small because Ky is not very large.
The complex, however, can be stabilized to a greater degree
by the following intramolecular process (P;). Furthermore,
from the dependence of K; on the alkyl chain length of
the surfactant, it was found that the effect of stabilization
becomes greater as the alkyl chain of the surfactant becomes

longer. This is because the rate of the forward reaction
increases and that of the backward reaction decrease as the
alkyl chain becomes longer, as can be seen for k; and k_;
in Table 2. As for K, it becomes larger as the alkyl chain
of the surfactant becomes longer. A similar tendency can
be seen in the forward rate constants of this process (k;,
in Table 2), although the backward rate constants (k_,) are
almost constant. This suggests that in the binding process of
P,, the hydrophobic interaction between the alkyl chain of the
surfactant and the erythrocyte membrane mainly contributes
to the binding of the surfactant to the erythrocyte. As can
be seen in Table 1 and Fig. 7, K3 and K4 are smaller than 1,
which is due to. the fact that k_3 and k_4 are larger than k3
and ky, respectively. However, K5 and K are very large.
Thus, the shape change could progress through this reaction
scheme. Moreover, K; and K increase as the alkyl chain
becomes longer (Fig. 7 and Table 1). This also suggests
that the hydrophobic interaction between the alkyl chain and
the erythrocyte membrane is the main driving force of the
binding in these processes.

Discussion

In a previous study, we carried out statical experiments'?
using home-made surfactant ion selective electrodes and
DSC measurements, which were first attempted by Brandts
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erythrocyte membrane at each process. O: the phospholipid molecules, @: the boundary lipids and [I: the surfactant molecules.
(1) The normal erythrocyte. (2) After the first binding process. The surfactants exchange with the boundary lipids of band 3 and
bind to band 3. (3) After the intracellular process in which the second binding sites are formed. In this process, the conformational
change of band 3 occurs. (4) After the process of another binding of the surfactants.

et al." % From the binding experiments and DSC measure-
ments, the following clarifications had been achieved: (1)
The surfactants bind to the erythrocyte in two steps. In both
steps, the equilibrium constants became larger as the alkyl
chain became longer. (2) The first binding site is the bound-
ary lipid region of band 3, one of the membrane proteins of
the erythrocyte, and the second binding site is the phospho-
lipid layer of the erythrocyte membrane. (3) The first binding
of the surfactant leads to a conformational change of band 3,
and, subsequently, to a structural change of the lipid region
around band 3. The second binding sites are created on the
lipid region. In order to interpret the present kinetic data
satisfactorily, we examined many reaction schemes. Among
those, Scheme 1 was determined to be the most plausible
model of the shape change, because, as can be seen in Fig. 6,
each process could be analyzed satisfactorily to obtain the ki-
netic parameters. This scheme consisted of seven processes,
including the surfactant-binding process, within a few milli
seconds after adding the surfactants (Py): the intramolecular
process from 0.1 s to within 1 s (P;), the second surfactant-
binding process in the time range of a few seconds (P,),
and two slow intramolecular processes coupled with the fast
surfactant binding processes over the time range from a few
seconds to a few minutes (P3 and P, P, and P}). From the
present kinetic experiments, four binding processes of the
surfactant were thought to exist in the whole shape-change
mechanism, although two surfactant binding steps were ob-
served in the static experiments.'” In order to confirm the
relation between the binding processes observed in the ki-
netic experiments and those in the static experiments, we
compared the equilibrium constants from the kinetic experi-
ments with those from the static experiments. The compar-

ison is shown in Fig. 8. In this figure, K; and Ky represent
the equilibrium constants of the first binding and the second
binding observed in the binding experiments, respectively.
As can be seen in this figure, it was found that Kj corre-
sponds to Kf¥, which was the overall equilibrium constant
included only the fastest binding process (Py), within one
order. Ky corresponded to KYY, which was the overall equi-
librium constant including three other binding processes (P,
P¥, and P) within one order. It was thought that the binding
constant and the binding site of these three bindings were
the same because K?" did not depend on the surfactant con-
centration. This implies that the fastest binding process (Po)
corresponded to the first binding in the binding isotherms,
which was observed in the static experiments, and that the
latter three binding processes (P2, P, and P}) were included
in the second binding in the binding isotherms. From these
facts, it was concluded that Scheme 1 satisfies not only the
results from the kinetic experiments but also those from the
static ones. Based on these findings, we considered that Py
was the first surfactant binding process in the boundary lipid
region of band 3, that P; was the pracess of structural change
in the lipid region around band 3 caused by the conforma-
tional change of band 3, and that P,, P¥, and P} were the
other surfactant binding processes at the new binding site
on the lipid layer created by a structural change of the lipid
region around band 3. Furthermore, a comparison with the
results of optical microscope observations showed that the
time range from P, to Pf corresponded to that of the en-
larging process of the spicules on the surface of the eryth-
rocyte. We determined that the processes from P, to Pj
were the processes of spicule enlargement on the erythro-
cyte surface caused by the binding of the surfactants to the
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lipid layer of the erythrocyte membrane. Thus, the following
changes are thought to occur on the erythrocyte membrane
(summarized schematically in Fig. 9):(1) The surfactants
bind to the lipid boundary of band 3 by exchanging with
boundary lipid molecules (Py). (2) Accompanied by a con-
formational change of band 3 caused by the binding of the
surfactant, the structure of the protein-affected lipid region
changes, and, then, the protein-affected lipid region turns to
the second binding sites (P;). (3) Subsequently, surfactants
begin to bind to this new binding site (P;). Then, because
of a structural change of the membrane and another binding
of the surfactant, the spicules on the surface get larger (Ps,
P¥, P4, and P). As can be seen in Table 1 and Fig. 7, Ky
is about 1 for each surfactant, and becomes slightly larger
as the alkyl chain length increases. This implies that, being
different from other three binding processes, Py is a diffusion
controlled process, although the hydrophobic interaction be-
tween the alkyl chain and the erythrocyte also participates
in the binding. Additionally because Py is thought to be
the diffusion controlled process, the first binding process
might be too fast to observed with the stopped-flow tech-
nique. In P,, P}, and P}, the hydrophobic interaction is
thought to be the main driving force of the binding because
the equilibrium constants of each process become larger as
the alkyl chain length becomes longer. This is consistent
with a model which considers that the second binding site
is the lipid layer of the membrane. In the present study, it
was found that 77! of P; and P, were negatively depen-
dent on the surfactant concentration. Such a process was
also observed in the erythrocyte—electrolyte systems stud-
ied in our laboratory previously.” In those studies, it was
clarified that such a negative dependence of the 7~! was ob-
served in a slow intramolecular process, which is the shape-
changing step from a flat disk to an echinocyte, and that this
intramolecular process was caused by changes in the soluble
components of the cytoplasm from experiments using eryth-
rocyte ghosts and the Triton® shell, which was complex of
the skeletal proteins of the erythrocyte extracted by Triton
X®. Sodium alkyl sulfates, which bound to the erythrocyte
membrane, are thought to remain in the outer layer of the
lipid bilayer of the erythrocyte membrane because the inner
layer, in which the negatively charged phospholipids exist,
charges negatively.?*» Thus, they are thought to neither pen-
etrate into the cytoplasm nor to affect the soluble components
in the cytoplasm. However, considering the fact that band 3
is one of the anion channels of the erythrocyte, a structural
change in band 3 may lead to a change in the ionic strength of
the cytoplasm of the erythrocyte. Itis possible that the change
of the soluble components in the cytoplasm might affect the
slow intramolecular processes. However, it was not possible
to clarify the reason why two slow intramolecular processes
exist in the erythrocyte—surfactant system, although only one
process was observed in the erythrocyte—electrolyte system.
This may be clarified through experiments using erythrocyte
ghosts or the Triton® shell. Kinetic experiments of the shape
change with optical detection were also attempted by Fujii
et al. on the erythrocyte—amphiphiles system.!? In their ex-
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periments, only one process was observed by means of the
stopped-flow apparatus with scattering light detection. How-
ever, in the present study from kinetic experiments with two
kinds of detection, such as transmittance and scattering light
detection, it was found that at least five processes could be
observed spectroscopically. It is clear that changes in the
transmittance and scattering light reflect the shape change
of the erythrocyte, but involve different information, such
as the size of the erythrocyte or the surface structure of the
erythrocyte. We, however, could not understand what kind
of change on the erythrocyte shape the optical change of each
process suggests, and what process Fujii et al. observedin the
other amphiphile systems.'® We next plan to carry out more
precise time-resolved observations of the shape change with
the newly developed stooped-flow microscope. The use of
this apparatus will provide more detailed information about
the relationship between the spectroscopically observed re-
action curves and the actual shape of the erythrocyte in the
near future. Through the present study we have shown that
shape change occurs through complicated pathways, strongly
suggesting that not only the phospholipid bilayer but also the
membrane protein, especially band 3 and other components,
play important roles in the mechanism of the shape change
of the erythrocyte.

Appendix

The rate equation of each process are given as follows based on
each scheme and the formulas of the relaxation time (Egs. 1, 2,3, and
4) are derived from each rate equation with the analytical procedures
of the relaxation method under the following conditions.

For Py, (Scheme 2):

Po P
S

k
RoOR) Rz

Ko K1
Scheme 2.

d[R,]
de

=ki[Ri] ~k-1[Rz],
with

A[Rol+A[R11+A[R2]1=0.
Py equilibrates faster than Py, so

_ R
"~ [Ro]IS]

could be applied.

For P2, (Scheme 3):

Po P1 P2

S S
ki k:
Ro‘iamvﬁTRz‘—}_}Ra
Ko Ki K2
Scheme 3.
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d[R;]
dr

= k2[R2][S] — k—2[Rs],
with

AlRo] +A[R1]1+ A[R2] +A[R3] =0.
Py and P; equilibrate faster than P,, so

[Ri] _[Ra]

b=rasr R

could be applied.
For Ps, (Scheme 4):

Po P1 P2 P3 P3*

S S S
k k2 k
RO‘L—-thll R2~E_2 Rs‘k: R3*‘i—~R4

Ko K1 K2 K3 K3*
Scheme 4.
d([R: .
ARLRD _ o (Ra) —kstR3,

with
A[Ro] +A[Ri]+A[R:] + A[Rs]+A[R3] = 0.
Po, P1, P2, and P} equilibrate faster than Ps, so

o RD Rl R . (R4
[Rol[ST’ [Ri]’ [RoI[SI” 2 [RZIIS]
could be applied.

For P4, (Scheme 5):

Po P1 P2 P3 P3* P4 P4*
S S “ S . S
k k2 4
Ro<=Rj R %Rs R’ Re T:R4*‘—L-Rf

Ko K1 K2 K3 Ks* K4 K¢*
Scheme 5.

d(R7T+[Re]D)

a = ka[Ra] — k—4[Ry4],

with

A[Ro]+A[R1]1+A[R2]+A[R3]+A[R3 1+A[R4]+A[RI ] +A[R¢] =O0.

Po, P1, Py, P3, and P;k equilibrate faster than Py, so

V= [Ri] K = [R2] - [Rs] = [R3]
RollSI” 7' Ry [R][S)’ R3]’
. IR4 . I[Rd

PTIRALY YT RIS

Kinetic Study of Shape Change of Erythrocyte

could be applied.
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