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ABSTRACT Human red blood cells contain all of the elements involved in the formation of nonmuscle actomyosin |l
complexes (V. M. Fowler. 1986. J. Cell. Biochem. 31:1-9; 1996. Curr. Opin. Cell Biol. 8:86-96). No clear function has yet been
attributed to these complexes. Using a mathematical model for the structure of the red blood cell spectrin skeleton (M. J.
Saxton. 1992. J. Theor. Biol. 155:517-536), we have explored a possible role for myosin Il bipolar minifilaments in the
restoration of the membrane skeleton, which may be locally damaged by major mechanical or chemical stress. We propose
that the establishment of stable links between distant antiparallel actin protofilaments after a local myosin Il activation may
initiate the repair of the disrupted area. We show that it is possible to define conditions in which the calculated number of
myosin Il minifilaments bound to actin protofilaments is consistent with the estimated number of myosin Il minifilaments
present in the red blood cells. A clear restoration effect can be observed when more than 50% of the spectrin polymers of
a defined area are disrupted. It corresponds to a significant increase in the spectrin density in the protein free region of the
membrane. This may be involved in a more complex repair process of the red blood cell membrane, which includes the

vesiculation of the bilayer and the compaction of the disassembled spectrin network.

INTRODUCTION

The deformability of red blood cells (RBCs) allows these
cells to pass through capillaries that are about half their
diameter (7 wm) without any damage (Gratzer, 1981; Bran-
ton et al., 1981; Shohet and Mohandas, 1988). The plasticity
of RBCs relies on a specific cytoskeleton that is closely
associated with the inner face of the membrane (Bennett and
Branton, 1977; Marchesi, 1985; Bennett, 1985). It consists
of a hexagonal network of spectrin tetramers interconnected
at their ends by short (~600 A) actin protofilaments made
of 13 protomers. These actin protofilaments associated with
rodlike tropomyosin (Fowler, 1996) can bind several spec-
trin tetramers to form a multiprotein network that is an-
chored to the membrane and strengthened by ankyrin (Ben-
nett and Stenbuck, 1980) and protein-4.1 (Pekrun et al.,
1989; Tchernia et al., 1981; Waugh, 1983).

RBCs contain ~240,000 spectrin molecules (Agre et al.,
1985), each of which consisting of two antiparallel coiled a-
and B-chains associated side by side (Speicher et al., 1992;
Yoshino and Minari, 1991). A further head-to-head associ-
ation of these spectrin dimers allows the formation of tet-
ramers of length 820-1920 A (Elgsaeter et al., 1986; Bloch
and Pumplin, 1992), which in turn constitute a dynamic
network able to adapt to the biophysical environment of the
cell. This plasticity was demonstrated on normal RBCs that
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were deformed after a prolonged micropipette aspiration
and on RBCs taken from patients with sickle cell anemia
(Speicher et al., 1992; Liu et al., 1996). The shape adapta-
tion of RBCs is most often accomplished by the dissociation
of the spectrin network followed by its reassociation in a
new configuration (Liu et al., 1993, 1996; Hansen et al., 1997).

During aging, RBC functions can be impaired by either
chemical (free radical damage) or mechanical shear stresses
inducing alterations of certain cellular characteristics, such
as disruption of spectrin tetramers, band-3 hydrolysis, ag-
gregation of intrinsic membrane proteins, appearance of
protein-depleted gaps in the RBC membrane skeleton, and
formation of Heinz bodies (Leverett et al., 1972; Waugh and
Low, 1985; Waugh et al., 1986; Solar et al., 1990; Fuku-
shima and Kon, 1990). These features act as tags of the
older RBCs, which are then detected and eliminated by the
reticuloendothelial system (Schluter and Drenckhahn,
1986).

RBCs possess a small number of myosin II molecules
(Colin and Schrier, 1991), although they do not show any
apparent contractility. Myosin II has been characterized in
neonatal and adult human as well as bovine erythrocytes
(Higashihara et al 1989; Wong et al., 1985; Fowler et al.,
1985; Schluter and Drenckhahn, 1986; Matovcick et al.,
1986; Higashihara et al., 1989). Human RBC myosin II
appears to be structurally similar to other nonmuscle myosin
IIs. It consists of two heavy chains (200 kDa) and two pairs
of regulatory and structural light chains (Wong et al., 1985;
Tan et al., 1992; Trybus, 1991). The presence in RBCs of
calmodulin (Foder and Scharff, 1981), caldesmon (Der Ter-
rossian et al., 1994), tropomyosin (Fowler, 1996; Fowler
and Bennett, 1984), and myosin light chain kinase (Knipper
et al., 1995) has been reported. These results taken together
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raise the possibility of the presence of a Ca’*-dependent
actomyosin II ATPase activity in the RBC.

No clear function for this putative ATPase has been
assigned (Schrier et al., 1981; Matovcick et al., 1986). It has
been proposed that the presence of such a small quantity of
myosin I may simply be the consequence of the incomplete
removal of myosin II during the expulsion of the nuclei and
associated structures from the reticulocytes. However, there
is evidence that myosin may participate in the regulation of
the RBC shape (Fowler, 1986), involving a rapid kinetic
process with regard to the displacement of RBCs in the
blood flux.

In this theoretical study, we propose a contribution of the
actomyosin II complexes in the repair of a local disruption
of spectrin network. A mathematical model of the mem-
brane skeleton (Saxton, 1992) was used to analyze this
function. The involvement of myosin II minifilaments in a
general repair process of the RBC bilayer-skeleton unit is
proposed.

MATERIALS AND METHODS
Computer and software

The main software was written specifically for this study, using the
C-interpreter of Visilog 4.1.1 image analysis software (Noesis, Orsay,
France) running on a SiliconGraphic Indigo (4000 entry) workstation
(Mountain View, California, USA).

Theoretical skeleton

We have constructed a hexagonal matrix according to the method of
Saxton (1992), which corresponds to the theoretical spectrin network. The
hexagonal unit is a six-armed star consisting of spectrin tetramers inter-
connected by actin protofilaments and associated proteins (Fowler, 1996).
Junction complexes were defined as the apices of the hexagons and include
actin protofilaments. In our calculations, the length of the spectrin tetram-
ers in the native matrix (820 A) was taken as the length unit (LU) and was
equal to ~16.5 pixels (Fig. 1, upper left image). The matrix used consisted
of 494 junction complexes and 1210 spectrin tetramers.

Random disruption of spectrin tetramers and
calculation of the matrix equilibrium (Fig. 1)

A random image with an area equal to the number of spectrin tetramers was
generated (the rank of each pixel corresponded to the rank of each spectrin
tetramer in the matrix). The gray-level histogram of this image was
Gaussian (dynamic range 1-254). To define the random disruptions of the
spectrin tetramers, this random image was thresholded to obtain a binary
image with an area corresponding to the number of altered spectrin tet-
ramers.

Increasing percentages of random disruptions of the spectrin tetramers
(from 5% to 70% with a 5% increment) were generated on square windows
(~0.7 wm?) within the theoretical skeleton. A buffer zone in which the
percentage of random disruptions was held constant at 5% was defined
outside this window (Hansen et al., 1997). The entropic spring approxi-
mation was then used to calculate the matrix conformation after each
random disruption (Saxton, 1992). When the equilibrium of the central
junction complex of each of the hexagonal units was calculated in the
presence of actomyosin II complexes, only the extended complexes limited
their relative motion. The maximum extension for actomyosin II com-
plexes was equal to the distance between the two junction complexes.
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When only one actomyosin II was extended, the displacement of the central
junction complex was restricted to the circle centered on the linked neigh-
bor. When two or more were extended, the two most extended were
considered to be the limiting factors. We supposed 1) that the compression
modulus for myosin II minifilaments is null and 2) that the actomyosin II
association is stable (latch state; Trybus, 1991). During the calculation, the
formation of actomyosin II complexes imposed the orientations of the actin
protofilaments involved.

The disrupted spectrin tetramers were considered to be unable to re-
construct other spectrin polymers as previously described (Liu et al., 1993)
and/or calculated (Hansen et al., 1997).

Weight of activated actin protofilaments (Fig. 1)

The weight defines the probability that each of the actin protofilaments is
involved in an actomyosin II complex within the impaired area. It was
calculated as follows. For each hexagonal unit, the Euclidean intervals
between the central junction complex and its six neighbors were calculated.
We assumed that the maximum of these intervals could be 1) lower than
LU, 2) between 1 and 2 LU, and 3) larger than 2 LU. The corresponding
weight of the central junction complex was then 1) equal to 0, 2) calculated
according to a linear scale from 0 to 255, or 3) equal to 255, respectively.
After this first calculation, the weight of the central junction complex of
each of the hexagonal units was calculated as the mean of the seven
associated ones (the weight of the central junction complex of a given unit
was multiplied by p (p = 100)). The convergence was obtained with an
iterative calculation of these mean values. After convergence, the “acti-
vated” junction complexes were selected by thresholding. We have arbi-
trarily assumed that the percentage of spectrin disruption in a native
membrane is lower than 15%. The maximum weight that we calculated for
this percentage of random disruption was equal to 115.75. This value was
chosen as the lower limit above which the junction complexes may be
“activated” and involved in the network restoration.

Myosin Il minifilament architecture

According to Sinard et al. (1989) and Tan et al. (1992), myosin II can form
tightly elastic bipolar minifilaments resulting from the association of either
4 or 16 myosin II molecules (Fig. 2, 4 and B), which we define as MII, and
MII,,, respectively. We assumed that the lengths of MII, and MII, 4 varied
from —10% to +2%, i.e., between 24302700 A and 2970-3300 A,
respectively. These variations were converted as an abitrary 52° bending of
the minifilaments.

Orientation, free rotation, and effective length of
the actin protofilaments (Fig. 2 C)

Actin protofilaments were arbitrarily oriented in 16 directions of the
membrane plane. The rotation of the actin protofilaments depends on the
number of spectrin tetramers linked to each junction complex. The freedom
() of the actin protofilaments was taken as f'= (6 — s) * g, where s is the
number of intact spectrin tetramers and ¢ is the angular rotation increment
(30°). This corresponds to the free rotation of the protofilament on both
sides of its original orientation. As an example in Fig. 2 C, the freedom of
the A0 and Ai protofilaments equals 60° and 90°, respectively. 4,;, and
A nax defined the intervals between the junction complexes and the begin-
ning or the end of the effective length of the actin protofilaments, respec-
tively (dashed circle); this effective length (4., 4max) defines the seg-
ment on which myosin heads may interact with one actin protofilament.

Actomyosin Il formation (Fig. 2 C)

To calculate the location of the MII minifilaments on the actin protofila-
ment of each of the activated junction complexes, we determined the
activated actin protofilaments located in a crown around the junction
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FIGURE | Matrix equilibrium with-
out (NM = 0, first column) or with
(NM = 1, second column) myosin II
and weight of the junction complexes
(third column). The percentage of
spectrin disruption inside the blue
window (upper left image) is indi-
cated on the left of the figure and was
held constant at 5% outside. In the
first two columns the spectrin mesh-
work is black. In the second column,
actomyosin II complexes are indi-
cated in red. The weight of the junc-
tion complex is calculated in the
presence of myosin II (NM = 1,
Apin = 0 and 4, = 60) and ex-
pressed on a gray scale ranging be-
tween 0 and 255. NM is the maxi-
mum number of MII minifilaments
that may be linked to each actin pro-
tofilament.
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complex. The internal and the external diameters of the crown corre-
sponded to the sum of the MII minifilament length and twice either the
minimum (4,,;,) or the maximum (4,,,,) of the actin protofilament, re-
spectively. Only the actin protofilaments showing an orientation compat-
ible with the one of the actin protofilament associated with a considered
junction complex were retained. The number of myosin II heads retained
on each of the actin protofilaments was taken as equal to (or lower than) the
theoretical value defined at the beginning of the calculation (NM, where

NM € [0, 20]). It involved the actin protofilaments, which were classified
as a function of their decreasing weight.

Density of junction complexes (Fig. 3)

The apparent density of the junction complexes was calculated as the
superposition of a disc representing their individual area of influence (AOI)
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FIGURE 2 Structure of the MII, (4)
and MII,, (B). MIL, and MII,, were con-
sidered to be slightly elastic tetramers
~2700 A and 3300 A long, respectively.
Their shortening (—10%) was expressed
in terms of bending (~52°). (C) Actomy-
osin-II association. Actin protofilaments
(600 A long) were randomly oriented in
16 directions of the plane (22.5° incre- -
ment). This orientation was fixed as long
as the spectrin network remained intact. \

The freedom of actin protofilaments may \
increase with the percentage of spectrin
tetramers disrupted. The effective length
of protofilaments is equal to 4,,;, — 4

min max*

two junction complexes of the Saxton’s
matrix. A0 and Ai are the actin protofila- B
ments associated with CO and CI, respec-
tively. CM is the bending center of MII,,
and CI and CII correspond to the posi-
tions of these centers if the heads of MII,
shift between 4,,;,, and 4,,,, on A0. RM is
the length of the myosin II dimer. The
interaction between actin and myosin II is
possible if the antiparallelism between the
actin protofilaments and the MII minifila-
ments is respected.
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with an associated gray level equal to 5. The centers of the AOIs corre-
sponded to the junction complexes themselves, and their diameters equaled
0.5 LU. After convergence, we expressed the relative density of the
junction complexes as the local sum of their individual AOIs.

RESULTS
Conditions for MIl, location

As shown in Figs. 1 and 3, a large gap was observed inside
a ~0.7-um” window representative of the skeleton when
70% of the spectrin tetramers were disrupted randomly in
the absence of the formation of actomyosin II complexes.

We constructed a spectrin network restoration model
according to which all of the activated junction complexes

with a weight higher than 115.75 can participate in the
repair. To render this model plausible, the number of MII,
involved in the local restoration of the skeleton inside a
given window had to fit with their corresponding local
density (~3.6-9.2 MII,/um?; see Discussion). To decrease
the stringency of the theoretical low density, we arbitrarily
considered that the recruitment of the MII, may occur in the
six or eight equivalent windows surrounding the disrupted
one (Fig. 4). At first it was assumed that only one myosin II
head could be linked to each activated actin protofilament
(NM = 1). Three topological characteristics were then
considered: 1) the effective length of the actin protofila-
ments (4, Amax)> 2) the relative orientation between actin
protofilaments and MII,, and 3) the degree of freedom of
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NM=1

FIGURE 3 Density of the junction complexes. The area of influence (AOI) of each of the junction complexes is shown in blue. The superposition of these
AOI defines the local density of the junction complexes. Green, red, yellow, and white correspond to the superposition of two, three, four, and more than
four AOIs, respectively. The percentage of spectrin tetramers disrupted is indicated in the lower right corner of each of the images. The left and right panels

correspond to the density of the Saxton’s matrix when NM = 0 or NM = 1, respectively. In these calculations (4

actin protofilaments. After the incidences of these parame-
ters were measured, the effects of the NM variations on the
equilibrium of the matrix were quantified.

Effective length for actin protofilaments

To test the incidence of the effective actin protofilament
length, we assumed that they are attached by their barbed
ends to a junction complex and can move freely in a 27 disc
around it. Three effective pairs of values were then consid-
ered for (4,,in, Amax): (0, 0), (0, 60), and (60, 60), corre-
sponding to the junction complex itself, the entire protofila-
ment length, and the protofilament pointed end, respectively
(Shen et al., 1986; Fowler, 1996). The calculation was
carried out on the impaired 0.7-um? area in which 15-35%
of the spectrin tetramers were disrupted, taking into account
the effect of MII, on the geometry of the matrix (Fig. 5).
With no constraint other than the MII, length itself (f =
180°) (Fig. 5, row — —), the total numbers of MII, that were

mins Amax) = (0, 60).

calculated on the matrix under the three sets of conditions
were equal to 42, 43, and 37, respectively. Thus the effec-
tive actin protofilament length did not seem to be a limiting
factor for actomyosin II complex formation. Moreover, the
topology of the MII, distribution was quasiequivalent under
the three sets of conditions, even if the higher number of
MII, potentially induced a locally more condensed actomy-
osin II pattern.

These numbers of MII, (~40) were always higher than
10 times the theoretical local density of molecules beneath
the membrane. This high number of MII, would then have
to be recruited from more than six or eight equivalent
windows (7 * 3.6 =~ 25,9 * 3.6 ~ 32), which is incompat-
ible with the isotropic recruitment model we postulated and
the lower density of the minifilaments.

A similar set of calculations was made with (4.,
Apa) = (0, 38.4), where A4,,,, corresponds to the shortest
length assigned to an actin protofilament in RBCs: 384 A
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FIGURE 4 Recruitment of the MII minifilaments over the membrane.
Diagram of the MII minifilament recruitment, considering either the
6-neighborhood (hexagonal grid) (A) or the 8-neighborhood (rectangular
grid) (B) organizations of the membrane skeleton. The values correspond
to the recruitment of the MII, with a density equal to 3.6/um? (see text).

(Shen et al., 1986). The results were similar to those that we
observed when (4,,in, Amax) = (0, 60).

Orientation and freedom of actin protofilaments

The actin protofilaments were considered to be able to move
in a 2 steradian solid angle, and their orientations were
defined as the projection in the membrane plane of 16
possible orientations (Fig. 2 C), the perpendicular position
being omitted. The calculation showed that no actomyosin
II complex could be formed when the fixed actin protofila-
ment orientations were considered (data not shown). Thus it
is impossible for two activated junction complexes to in-
clude two antiparallel actin protofilaments at a distance
compatible with MII, lengths when the orientation of pro-
tofilaments is randomly defined and fixed over the matrix.
The orientation of actin protofilaments appeared to be the
principal limiting factor for the formation of actomyosin 11
complexes.

When the degree of freedom of the actin protofilaments is
correlated with the degree of disruption of the spectrin
tetramers, the effective length becomes a limiting factor.
Both actin protofilament freedom and effective length in-

Volume 76 March 1999

fluenced the number and the spatial distribution of MII,
(Fig. 5, row ++). When 35% of the spectrin tetramers were
disrupted, the most favorable results were obtained with the
active actin protofilament length equal to 600 A (4.,
Apax) = (0, 60). In this case, 22 possible links could be
formed. This number was compatible with biological data
and with the limits considered for our model (i.e., lower
myosin density and hexagonal partition of the peripheral
cytoplasm). As shown in Table 1 4, for NM = 1 and when
40% of the spectrin tetramers were locally disrupted, the
total number of calculated actomyosin II complexes was
equal to 33. This value corresponds to a rectangular parti-
tion of the peripheral cytoplasm and is still compatible with
the theoretical limits (Fig. 4).

In the different conditions set above, the network resto-
ration of ~0.6% (1 um?) of the total membrane area might
involve between ~4% (for 35% disruption) and ~6% (for
40% disruption) of the peripheral cytoplasmic volume of the
blood cell.

Effect of the number of actomyosin Il complexes
on the topology of the network restoration

The effects of the number of M1, associated with each actin
protofilament were calculated. We assumed that the actin
protofilament effective length was equal to 600 A (4,
Anax) = (0, 60) and that their freedom increased as a
function of the number of disrupted spectrin tetramers.
We have calculated the equilibrium of the matrix when
NM equaled 1, 2, 3,4, 5, or 6 (Table 1). We have compared
the patterns of the spectrin skeleton matrices obtained after
a disruption of either 35% or 70% of the spectrin tetramer
(Fig. 6). When 70% of the spectrin tetramers are disrupted,
1) the total number of linked actin protofilaments is constant
(~90) whatever the value of NM, 2) 5 is the maximum
number of MII, that can be calculated, and 3) only 10 actin
protofilaments support either 3 or more MII,. This shows
that raising NM from 3 to 5 neither increased the number of
linked actin protofilaments nor changed the geometries
of spectrin tetramers or junction complexes significantly

(Fig. 6).

Network restoration and densities of
junction complexes

We have measured the superposition of the junction com-
plexes’ AOIs and observed that they increase with the
percentage of spectrin disruption inside the window (Table
2, A and B). However, the distribution of the AOIs in the
matrix plane (Fig. 3) showed that the gap is balanced by the
displacement of all of the junction complexes in the mem-
brane plane. This reflects the fact that the local disruption of
spectrin tetramers is associated with an increase in the AOI
density not only at the border of the gap, but also within a
large crown around it (except for the highest disruption,
=65% of spectrin disruption). The data shown in Table 2
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FIGURE 5 Effect of the actin protofilament effective length and orientation (NM = 1). The percentage of spectrin disruption equals 35%. The effective
length of the actin protofilaments was restricted to the junction complex (0—0), equal to their whole length (0—60) or restricted to their tip (60—60). Row —
—: The calculation of actomyosin II complexes was realized only when the interval between two activated actin protofilaments was taken into account. Row
++: The same calculation was realized when the orientations of the actin protofilaments were randomly fixed and increased as a function of the local
spectrin disruption. The number of actomyosin II complexes was calculated step by step between 20% and 35% of local random spectrin disruption and
is indicated in the lower right corner of the image. The skeleton and the actomyosin II complexes are colored in black and red, respectively.

strengthen this calculation. In the presence of actomyosin II
complexes, the number of AOIs superposed once or not at
all, calculated as a function of the increasing disruption
percentage (Table 2 B), is never <70%, whereas it can go
down to 59% in the absence of actomyosin II complexes.

The comparison of the AOI density patterns obtained in
the absence or presence of MII, (Fig. 3) shows that 1) the
actomyosin II complexes are able to decrease slightly the
extension of the gap after an important disruption of the
spectrin tetramers (between 35% and 70%) and 2) the main
effect of actomyosin II complexes is to maintain some
junction complexes inside the area when the major part of
the skeleton is disrupted.

There is no difference in the matrix topologies or AOI
density when NM varies from 3 to 5. Therefore, we as-
sumed that the maximum effect is obtained when NM = 3
(Fig. 6). But because NM = 1 is sufficient to promote an
equivalent restoration, and because under this condition the
number of actomyosin II complexes is compatible with the
lower local density of MII, in the peripheral cytoplasm
(whatever the percentage of the disrupted spectrin poly-
mers), we propose that NM = 1 is the condition most likely
to ensure an efficient restoration of the spectrin network in
a large gap.

Rank and bending of the myosin polymers

The effects of the rank of the myosin II polymers (MII, and
MII; Fig. 2, 4 and B) were calculated. The effects of the
two types of MII minifilaments on both the number of
actomyosin I complexes and the network restoration effi-
ciency were almost identical.

One of the most important results is that the bending of
MII minifilaments was not absolutely necessary for the
network restoration efficiency, because more than 80% of
the actomyosin I complexes are formed even if the MII
minifilaments are not bended, as compared to 100% when
they are bended.

DISCUSSION

In RBCs shear stress or oxidative damage due to free
radicals induce the local disruption of the spectrin tetramer
network and a subsequent hemolysis (Jarolim et al., 1990;
Daniels et al., 1983; Waugh and Low, 1985; Waugh et al.,
1986). In the present theoretical approach, we propose that
actomyosin II complexes are involved in the repair of the
erythrocyte spectrin skeleton via a network restoration
mechanism. Our model involves a stable linkage of actin
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TABLE 1 Effect of NM variation

Number of added MII-minifilaments

% Cut =1 =2 =3 =4 =5 =6
A
15 0 0 0 0 0 0
20 6 13 14 14 14 14
25 4 8 11 11 11 11
30 7 9 12 12 12 12
35 5 6 6 6 6 6
40 11 15 19 21 22 22
45 2 2 1 1 1 1
50 1 0 0 0 0 0
55 5 3 5 5 5 5
60 1 1 0 0 0 0
65 1 1 0 0 0 0
70 1 1 0 0 0 0
Sum 44 59 68 70 71 71
Linked actins 88 89 89 90 91 91
n Number of linked junctional complexes
B
0 402 405 405 404 403 403
1 92 60 52 52 53 53
2 29 27 28 28 28
3 10 8 8 8
4 2 1
5
6

1
1 1
0

(A) Number of added MII, as a function of NM and the percentage of
spectrin tetramer disruption. The maximum number of actomyosin II
complex is obtained if NM = 3. When NM = 1, the sum of the calculated
actomyosin II complexes between 20% and 40% of spectrin tetramer
disruption equals 33. (B) Number of » times linked junction complexes in
function of NM. When NM = 3, 4, and 5 we observe only a modification
of the distribution of 3, 4, and 5 times linked actin protofilaments. In these
calculations (4, Amax) = (0, 60).

protofilaments by bipolar MII minifilaments around the
damaged area of the network, which can then facilitate the
reorganization of the whole cytoskeletal ultrastructure. The
topological consequences and the efficiency of this model
were studied with regard to the physiological activity of the
“bilayer-skeleton unit.”

Different mathematical models have been proposed to
calculate the RBC spectrin network architecture as a func-
tion of different biophysical parameters (Kozlov et al.,
1990; Saxton, 1992, 1995; Boal, 1994; Hansen et al., 1997).
The actual positions of the junction complexes in the hex-
agonal matrix move around a mean “3D” location as a
function of time and dynamic conformation of spectrin
tetramers (the theoretical thickness of the skeleton is ~160
A; Boal, 1994). It has been proposed that spectrin tetramers
may act as entropic springs (Saxton, 1992). Although this
simple model does not take into account all of the param-
eters involved in the skeleton topology, it allows one to
calculate the consequences of local disruptions of spectrin
tetramers.

It was demonstrated that small protein-free areas (with a
critical radius of ~1000 A) are submitted to an “auto-
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opening” and ‘“auto-closing” equilibrium (Kozlov et al.,
1990). This equilibrium depends on 1) the shape of the
membrane (planar, cylindrical, or spherical) and on 2) the
energy associated with the local extension of the cytoskel-
eton. This could explain the dynamics of the RBC skeleton
during spicule formation. The radii of the largest gaps
remained inferior to the critical radius for a percentage of
disrupted spectrin tetramers below 15%. The repair was not
necessary for a disruption of spectrin tetramers lower than
this limit. The maximum length of the remaining spectrin
tetramers was subsequently determined for each step of the
calculation between 15% and 70% of local spectrin disrup-
tion, with or without MII, addition. The length values
ranged between 1.37 and 2.05 LU and were never higher
than the spectrin tetramer maximum length (~2.5 LU)
(Bloch and Pumplin, 1992), rendering the mechanical tear-
ing of gaps very improbable (data not shown).

Some arguments suggest a functional role for RBC my-
osin II. It is thought that MII minifilaments are involved in
the remodeling of the RBC shape (Fowler, 1986; Colin and
Schrier, 1991). The amounts of myosin II in different frac-
tions of RBCs were measured under conditions that favor
the interaction between actin and myosin (Matovcick et al.,
1986), especially in skeleton preparations and inside-out
vesicles. Myosin I is retained on IOVs that are enriched in
integral membrane proteins (Steck and Kant, 1974; Bennett
and Branton, 1977). Moreover, the disruption of the skeletal
network induces the specific adsorption of myosin II to the
membrane bilayer and/or to membrane proteins (protein-
4.1, for example, is able to link myosin II; Racusen and
Pasternack, 1990).

The Ca”* activation of the actomyosin IT machinery in
RBCs seems to be similar to that in smooth muscle cells
(Trybus, 1991; Tan et al., 1992) or other biological systems
(Chrzanowska-Wodnicka and Burridge, 1996). In RBCs,
the internal calcium concentration [Ca®"]; depends on the
equilibrium between passive influx and active efflux
through a membrane Ca®"-ATPase activity (Larsen et al.,
1981; Graf and Penniston, 1981; Niggli et al., 1981; Kosk-
Kosicka and Bzdega, 1988; Adamo et al., 1990; Sackett and
Kosk-Kosicka, 1996). During a shear stress, the passive
influx increases by up to one order of magnitude (Larsen et
al., 1981; Johnson and Tang, 1992; Kodicek et al., 1990).
When this influx increase occurs in the peripheral cyto-
plasm around the area of damaged cytoskeleton, the local
[Ca®"]; may rise enough to allow a local and rapid forma-
tion of actomyosin II complexes (Foder and Scharff, 1981;
Ogawa and Tanokura, 1984; Milos et al., 1986; Gardner and
Bennett, 1986; Ikebe and Reardon, 1990; Tanaka et al.,
1991; Tan et al., 1992; Marston and Redwood, 1993; Der
Terrossian et al., 1994). The local protein density may also
be involved in the modulation of [Ca®"];. Because the local
effect of spectrin tetramer disruption is to induce a protein-
free area (Fig. 1), it may be postulated that the calcium pulse
is amplified because of the local decrease in proteins that
can chelate Ca®*, as spectrin does (Lundberg et al., 1992).
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The number and the location of myosin II molecules  plasm (Fig. 4). We postulated that the myosin II molecules
inside the RBCs are two basic parameters involved in our  could only be recruited from the six or eight equivalent
model. The number of the myosin II molecules was esti- areas surrounding the disrupted region. At the lowest myo-
mated to be between 2400 and 6000 per cell (Wong et al., sin II density, the maximum number of MII, that must be
1985; Fowler et al., 1985). Consequently, the theoretical involved in the restoration of a 1-um? window ranges from
number of MII, ranges from 600 to 1500. Immunofluores- ~25((6 + 1) *3.6) to ~32 ((8 + 1) * 3.6).

cence observations using antibodies directed against myosin To respect this limit when the restoration occurs in an
II revealed that myosin is mainly located in the ~1 wm-  area in which over 15% of the spectrin tetramers have been
thick peripheral cytoplasm of the RBC (data not shown). disrupted, several sterical parameters were taken into ac-

Thus the density of myosin II in RBCs must range between count: 1) the effective length and 2) the free rotation of the
3.6 and 9.2 MII,/um? of membrane, considering that thered ~ actin protofilaments; 3) the folding and 4) the number of
cell membrane area is ~163 wm? (Albritton, 1952). MII, that may be linked to one actin protofilament; and 5)

To limit the number of MII, that may be involved in the the local activation (weight) of the junction complexes
local network restoration and to avoid a large decrease of  around the impaired area. When 1) the effective length of
MII, all over the membrane, we have defined hexagonal or  actin protofilaments equals 600 A, 2) their orientation is
rectangular virtual organizations of the peripheral cyto-  randomly fixed, and 3) their freedom increases as a function
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TABLE 2 Superposition of the junction complex AOIls
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% Cut 15 20 25 30 35 40 45 50 55 60 65 70
Superposition % % % % % % % % % % % %
A

0 99.93 99.73 98.98 97.71 98.95 97.36 91.86 91.17 89.74 83.31 73.48 58.99
1 0.07 0.27 1.02 2.29 1.05 2.64 6.48 6.97 8.17 13.30 16.16 15.27
2 1.66 1.86 1.98 3.08 5.88 6.47
3 0.10 0.30 2.71 3.14
4 0.01 1.19 2.61
5 0.37 2.40
6 0.20 2.11
7 0.01 1.71
8 1.42
9 1.27
10 1.19
11 1.15
12 0.94
13 0.68
14 0.36
15 0.22
16 0.08
B

0 99.93 99.73 98.92 97.93 98.50 96.95 90.83 91.16 92.23 90.12 78.96 72.67
1 0.07 0.27 1.08 2.07 1.50 3.05 7.11 7.34 6.71 8.76 15.15 14.58
2 2.04 1.48 1.06 1.12 5.18 6.55
3 0.02 0.02 0.65 2.06
4 0.05 1.33
5 0.65
6 0.49
7 0.35
8 0.16
9 0.02
10

11

12

13

14

15

16

(A) and (B) give the percentages of the superposition of these AOIs as a function of the percentage of random disruption of the spectrin polymers (ranging

from 15% to 70%) in the absence and presence of MII,, respectively.

of the local disruption of the spectrin meshwork, the calcu-
lated number of actomyosin II complexes for NM = 1 is
compatible with the lowest limits that we have defined.
The maximum restoration was obtained for NM = 3 (Fig.
6). This is in agreement with the theoretical density of
myosin heads per actin protofilament (3.3 myosin heads/
600 A actin protofilament; Van Buren et al., 1995). How-
ever, the same local topological effects were obtained when-
ever NM was equal to either 1 or 3; NM = 1 is sufficient to
ensure the restoration of the network (Fig. 6). This value is
compatible with the low density of MII minifilaments in
proximity to the locally disassembled spectrin network.
To estimate the biological efficiency of this restoration,
we took into account the “corrals of actomyosin II com-
plexes” that we obtained. According to Kozlov et al. (1990)

and Saxton (1995), corrals of spectrin tetramers correspond
to small areas where cytoplasmic molecules can interact
directly with the bilayer. Figs. 1 and 5 show that actomyosin
II complexes do not reconstruct new corrals of spectrin over
all of the disrupted area because they are longer than the
native spectrin tetramers and do not associate with the
bilayer the same way as spectrin does.

The most important geometrical effect of the passive
network restoration that we have observed is the increase in
the density of junction complexes inside the impaired area.
As shown in Fig. 3, this effect is observable when the
percentage of spectrin tetramer disruption reaches 30% and
above.

The passive restoration efficiency of the spectrin network
that we have calculated seems to be limited. But it may
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induce the local dynamic reorganization of the spectrin
tetramers inside the damaged area (Liu et al., 1993; Hansen
et al., 1997).

The involvement of MII minifilaments in a dynamic
repair process has already been observed in cultures of
epithelial cells and described as a “purse-string” mecha-
nism; the actomyosin II complexes form a ring around the
wound that must be sealed (Bement et al. 1993). In this case,
myosin II is involved in the repair of a wound the diameter
of which may be over 30 wm (area > 700 wm?). In our case,
the area of the impaired area is ~1 wm?, and the actomyosin
IT network that we have calculated tends to link the opposite
edges of the wound, the diameter of which is near the length
of the actomyosin II complexes themselves. The dynamic
process that we propose corresponds to the compacting of
the disassembled spectrin network area associated with lipid
bilayer vesiculation.

The relationship between the dynamic behaviors of the
lipidic bilayer and the erythrocyte membrane skeleton dur-
ing stress is well established. When spectrin and actin are
stripped from normal erythrocyte membrane, the membrane
spontaneously disintegrates into tiny vesicles (right side-out
vesicles) (Agre et al., 1985). The incorporation of exoge-
nous spectrin into spectrin-deficient mouse erythrocytes
leads to a partial correction of their fragility (Shohet, 1979).
Under a stress (during an aspiration with a micropipette or
under conditions of high osmotic pressure; Discher et al.,
1995) vesicles are released from RBCs. The vesicles have
been purified (Rumbsky et al., 1977) and contain almost no
spectrin. The vesicle release seems to be a general protec-
tive mechanism of RBCs. Aging (damage accumulating) of
the RBCs is accompanied by 1) a significant decrease in
their volume, apparently due to vesicle release (Shinozuka,
1994), 2) an increase in their density, and 3) the formation
of Heinz bodies (Schluter and Drenckhahn, 1986). The local
sequestering of a damaged skeleton surface (spectrin, pro-
tein 4.1, ankyrin, etc.) associated with the formation of the
Heinz bodies and hemoglobin oxidation (Jarolim et al.,
1990; Liu et al., 1996) seems to be balanced by the loss of
an equivalent fraction of membrane components and the
cytoplasmic volume contained in the membrane vesicles.
This leads us to propose that myosin II acts as a facilitating
factor in these processes.

Membrane vesiculation and, as mentioned above, activa-
tion of the actomyosin II machinery in the red blood cells
depend on the [Ca®"]; increase. This increase (due to the
decrease in Ca?" active transport; Seidler and Swislocki,
1991) is involved in aging of the RBCs and induces the
separation of the membrane skeleton from the lipidic bilayer
and the vesiculation of the membrane (inside-out vesicles)
(Allan and Michell, 1978; Ponnappa et al., 1980; Leibler,
1986; Lombardo and Low, 1994). The curvature of the lipid
bilayer involved in the vesiculation is controlled by the
ionic gradient across the membrane (monovalent and diva-
lent ions) (Henseleit et al., 1990; Backer and Dawidowicz,
1987). The vesiculation mechanism was described in the
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case of the experimental formation of the inside-out vesicles
of erythrocyte ghosts (Lew et al., 1988).

We have qualitatively tested the consequence of the local
[Ca®"]; increase for the activation of the myosin II machin-
ery through the phosphorylation of myosin II regulatory
light chains by myosin light chain kinase. We used autora-
diograms of the sodium dodecyl sulfate polyacrylamide gel
electrophoresis patterns of the whole proteins of **P-labeled
RBCs, at rest or submitted to high shear stress. We used an
ectacytometer for this purpose (Bessis and Mohandas,
1975); the shear stress was increased up to the appearance
of slight hemolysis. Because of the low intracellular amount
of myosin II, only qualitative phosphorylation of these light
chains may be observed (unpublished results). The study of
the actomyosin II machinery during the shear stress should
validate the facilitating function of myosin II in the red
blood cell repair that we propose and its corollary, the
presence of a low amount of myosin II in the mass of the
Heinz bodies.
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