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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 thesewere deformed after a prolonged micropipette aspiration
cells to pass through capillaries that are about half theiand on RBCs taken from patients with sickle cell anemia
diameter (7um) without any damage (Gratzer, 1981; Bran- (Speicher et al., 1992; Liu et al., 1996). The shape adapta-
ton et al., 1981; Shohet and Mohandas, 1988). The plasticition of RBCs is most often accomplished by the dissociation
of RBCs relies on a specific cytoskeleton that is closelyof the spectrin network followed by its reassociation in a
associated with the inner face of the membrane (Bennett anukew configuration (Liu et al., 1993, 1996; Hansen et al., 1997).
Branton, 1977; Marchesi, 1985; Bennett, 1985). It consists During aging, RBC functions can be impaired by either
of a hexagonal network of spectrin tetramers interconnectedhemical (free radical damage) or mechanical shear stresses
at their ends by short~600 A) actin protofilaments made inducing alterations of certain cellular characteristics, such
of 13 protomers. These actin protofilaments associated witls disruption of spectrin tetramers, band-3 hydrolysis, ag-
rodlike tropomyosin (Fowler, 1996) can bind several specgregation of intrinsic membrane proteins, appearance of
trin tetramers to form a multiprotein network that is an- protein-depleted gaps in the RBC membrane skeleton, and
chored to the membrane and strengthened by ankyrin (Beriermation of Heinz bodies (Leverett et al., 1972; Waugh and
nett and Stenbuck, 1980) and protein-4.1 (Pekrun et all.ow, 1985; Waugh et al., 1986; Solar et al., 1990; Fuku-
1989; Tchernia et al., 1981; Waugh, 1983). shima and Kon, 1990). These features act as tags of the

RBCs contain~240,000 spectrin molecules (Agre et al., older RBCs, which are then detected and eliminated by the
1985), each of which consisting of two antiparallel coited  reticuloendothelial system (Schluter and Drenckhahn,
and B-chains associated side by side (Speicher et al., 1992;986).
Yoshino and Minari, 1991). A further head-to-head associ- RBCs possess a small number of myosin Il molecules
ation of these spectrin dimers allows the formation of tet-(Colin and Schrier, 1991), although they do not show any
ramers of length 820-1920 A (Elgsaeter et al., 1986; Blochapparent contractility. Myosin Il has been characterized in
and Pumplin, 1992), which in turn constitute a dynamicneonatal and adult human as well as bovine erythrocytes
network able to adapt to the biophysical environment of thgHigashihara et al 1989; Wong et al., 1985; Fowler et al.,
cell. This plasticity was demonstrated on normal RBCs thafl985; Schluter and Drenckhahn, 1986; Matovcick et al.,
1986; Higashihara et al., 1989). Human RBC myosin Il
appears to be structurally similar to other nonmuscle myosin
Received for publication 12 March 1998 and in final form 22 October IIs. It consists of two heavy chains (200 kDa) and two pairs
1998. . . i

. . . ~ofregulatory and structural light chains (Wong et al., 1985;
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raise the possibility of the presence of a?Calependent When only one actomyosin Il was extended, the displacement of the central
actomyosin Il ATPase activity in the RBC. junction complex was restricted to the circle centered on the linked neigh-

No clear function for this putative ATPase has beenP®’: When wo or more were extended, the two most extended were
considered to be the limiting factors. We supposed 1) that the compression

assigned (Schrier et al., 1981; Matovcick et al., 1986). It_ha$nodulus for myosin Il minifilaments is null and 2) that the actomyosin I
been proposed that the presence of such a small quantity @sociation is stable (latch state; Trybus, 1991). During the calculation, the
myosin Il may simply be the consequence of the incompletdormation of actomyosin Il complexes imposed the orientations of the actin
removal of myosin Il during the expulsion of the nuclei and Pm;‘;f"a;_“ents 'ZVO'VEd; dored (o be unabl
associated structures from the reticulocytes. However, there '€ distupted spectrin tetramers were considered to be unable to re-
. . . .. . . onstruct other spectrin polymers as previously described (Liu et al., 1993)
is evidence that myosin may participate in the regula’qon'otgmd,or calculated (Hansen et al., 1997).

the RBC shape (Fowler, 1986), involving a rapid kinetic

process with regard to the displacement of RBCs in the

blood flux. Weight of activated actin protofilaments (Fig. 1)

In this theoretical study, we propose a contribution of theThe weight defines the probability that each of the actin protofilaments is
actomyosin Il complexes in the repair of a local disruptioninvolved in an actomyosin Il complex within the impaired area. It was
of spectrin network. A mathematical model of the mem-calculated as follows. For each hexagonal unit, the Euclidean intervals
brane skeleton (Saxton, 1992) was used to analyze thiketween the central junction complex and its six neighbors were calculated.

. . . - . We assumed that the maximum of these intervals could be 1) lower than
function. The involvement of myosin Il minifilaments in a LU, 2) between 1 and 2 LU, and 3) larger than 2 LU. The corresponding

general repair process of the RBC bilayer-skeleton unit I%veight of the central junction complex was then 1) equal to 0, 2) calculated

DYODOSEd. 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

MATERIALS AND METHODS associated ones (the weight of the central junction complex of a given unit
was multiplied byp (p = 100)). The convergence was obtained with an
Computer and software iterative calculation of these mean values. After convergence, the “acti-

. . " . . vated” junction complexes were selected by thresholding. We have arbi-

The main software was written specifically for this study, using the yarj\y assumed that the percentage of spectrin disruption in a native

C-interpreter _Of Visilog 411 image a”a'YS'S software (Noesis, Ors,ay'membrane is lower than 15%. The maximum weight that we calculated for

France) running on a SiliconGraphic Indigo (4000 entry) workstation i hercentage of random disruption was equal to 115.75. This value was

(Mountain View, California, USA). chosen as the lower limit above which the junction complexes may be
“activated” and involved in the network restoration.

Theoretical skeleton

We have constructed a hexagonal matrix according to the method OMyOSIn Il minifilament architecture

Saxton (1992), which _corresponds to the_th_eoretical spe_ctrin network_. Th%ccording to Sinard et al. (1989) and Tan et al. (1992), myosin Il can form
hexagonal unit is a six-armed star consisting of spectrin tetramers intefggply elastic bipolar minifilaments resulting from the association of either
connected by actin protofilaments and associated proteins (Fowler, 1996). ;16 myosin Il molecules (Fig. 2 andB), which we define as Mjand
Junction complexes were defined as the apices of the hexagons and inclugg, 1 respectively. We assumed that the lengths of,MHd Mil, varied

actin protofilaments. In our calculations, the length of the spectrin tetram+om —10% to +2%. i.e.. between 2430—2700 A and 2970-3300 A
ers in the native matrix (820 A) was taken as the length unit (LU) and wasespectively. These variations were converted as an abitrary 52° bending of
equal to~16.5 pixels (Fig. Lupper left imagk The matrix used consisted  {he minifilaments.

of 494 junction complexes and 1210 spectrin tetramers.

Orientation, free rotation, and effective length of

Random disruption of spectrin tetramers and the actin protofilaments (Fig. 2 C)

calculation of the matrix equilibrium (Fig. 1)
Actin protofilaments were arbitrarily oriented in 16 directions of the

Arandom image with an area equal to the number of spectrin tetramers wagembrane plane. The rotation of the actin protofilaments depends on the
generated (the rank of each pixel corresponded to the rank of each spectiifymper of spectrin tetramers linked to each junction complex. The freedom
tetramer in the matrix). The gray-level histogram of this image Was (f) of the actin protofilaments was takenfas (6 — s) * g, wheres is the
Gaussian (dynamic range 1-254). To define the random disruptions of thgumper of intact spectrin tetramers aqi the angular rotation increment
spectrin tetramers, this random image was thresholded to obtain a binar@goo). This corresponds to the free rotation of the protofilament on both
image with an area corresponding to the number of altered spectrin tekjdes of its original orientation. As an example in FigC2the freedom of
ramers. the AO and Ai protofilaments equals 60° and 90°, respectivaly,, and

Increasing percentages of random disruptions of the spectrin tetrametg _ defined the intervals between the junction complexes and the begin-
(from 5% to 70% with a 5% increment) were generated on square WindowWsjing or the end of the effective length of the actin protofilaments, respec-
(~0.7 um?) within the theoretical skeleton. A buffer zone in which the tively (dashed circlg this effective length & Anay) defines the seg-

percentage of random disruptions was held constant at 5% was definedent on which myosin heads may interact with one actin protofilament.
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 centralActomyosin Il formation (Fig. 2 c)

junction complex of each of the hexagonal units was calculated in the

presence of actomyosin Il complexes, only the extended complexes limitedo calculate the location of the MIl minifilaments on the actin protofila-
their relative motion. The maximum extension for actomyosin Il com- ment of each of the activated junction complexes, we determined the
plexes was equal to the distance between the two junction complexesctivated actin protofilaments located in a crown around the junction
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complex. The internal and the external diameters of the crown correNM & [0, 20]). It involved the actin protofilaments, which were classified
sponded to the sum of the MIl miniflament length and twice either the as a function of their decreasing weight.

minimum (A,,;,) or the maximum A,.,,) 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 considere(bensity of junction complexes (Fig. 3)

junction complex were retained. The number of myosin Il heads retained

on each of the actin protofilaments was taken as equal to (or lower than) th€he apparent density of the junction complexes was calculated as the
theoretical value defined at the beginning of the calculation (NM, wheresuperposition of a disc representing their individual area of influence (AOI)
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FIGURE 2 Structure of the M}l (A)
and Mll,¢ (B). Mll, and MIl, 5 were con-
sidered to be slightly elastic tetramers
~2700 A and 3300 A long, respectively.
Their shortening £ 10%) was expressed
in terms of bending52°). (C) Actomy-
osin-Il 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
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and Cl and CII correspond to the posi-
tions of these centers if the heads of MII
shift betweerA,,,;, andA,,,,,on AO0. RM is
the length of the myosin Il dimer. The
interaction between actin and myosin Il is
possible if the antiparallelism between the
actin protofilaments and the MII minifila-
ments is respected.

with an associated gray level equal to 5. The centers of the AOIs correwith a Weight higher than 115.75 can participate in the
sponded to the junction complexes themselves, and the_irdiamet_ers equalpgpair_ To render this model plausible, the number 0f4|\/|||
0.5 LU. After convergence, we expressed the relative density of the,q1yed in the local restoration of the skeleton inside a
junction complexes as the local sum of their individual AOls. . . . . . .
given window had to fit with their corresponding local

density (~3.6-9.2 MIl,/um? see Discussion). To decrease
the stringency of the theoretical low density, we arbitrarily
considered that the recruitment of the Mhhay occur in the
six or eight equivalent windows surrounding the disrupted
As shown in Figs. 1 and 3, a large gap was observed insidene (Fig. 4). At first it was assumed that only one myosin Il
a ~0.7-um? window representative of the skeleton whenhead could be linked to each activated actin protofilament
70% of the spectrin tetramers were disrupted randomly ifNM = 1). Three topological characteristics were then
the absence of the formation of actomyosin Il complexes.considered: 1) the effective length of the actin protofila-

We constructed a spectrin network restoration modements A, Ana, 2) the relative orientation between actin
according to which all of the activated junction complexesprotofilaments and M|, and 3) the degree of freedom of

RESULTS

Conditions for MIl, location
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NM=0 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, aard more th
four AQIs, respectively. The percentage of spectrin tetramers disrupted is indicated in the lower right corner of each of the images. The lgficaedsrigh
correspond to the density of the Saxton’s matrix when MM or NM = 1, respectively. In these calculatior&.{,, Anad = (0, 60).

actin protofilaments. After the incidences of these parameealculated on the matrix under the three sets of conditions
ters were measured, the effects of th.e. NM variations on thgyere equal to 42, 43, and 37, respectively. Thus the effec-
equilibrium of the matrix were quantified. tive actin protofilament length did not seem to be a limiting
factor for actomyosin Il complex formation. Moreover, the
Effective length for actin protofilaments topology of the MI|, distribution was quasiequivalent under

To test the incidence of the effective actin protoﬁlamentthe three s_ets O.f conditions, even if the higher number of
length, we assumed that they are attached by their barbeMl,l“ potentially induced a locally more condensed actomy-
ends to a junction complex and can move freely inedisc ~ ©SIN Il pattern. ,
around it. Three effective pairs of values were then consid- 1hesé numbers of MjI(~40) were always higher than
ered for @, Ana): (0, 0), (0, 60), and (60, 60), corre- 10 times the theorgtlcgl local density of molecules beneath
sponding to the junction complex itself, the entire protofila- theé membrane. This high number of MWould then have
ment length, and the protofilament pointed end, respectively® be recruited from more than six or eight equivalent
(Shen et al., 1986; Fowler, 1996). The calculation wagvindows (7 * 3.6~ 25, 9 * 3.6~ 32), which is incompat-
carried out on the impaired 0/Zm? area in which 15-35% ible with the isotropic recruitment model we postulated and
of the spectrin tetramers were disrupted, taking into accourthe lower density of the minifilaments.
the effect of Mll, on the geometry of the matrix (Fig. 5). A similar set of calculations was made with.(,,
With no constraint other than the Mllength itself ¢ = Ana) = (0, 38.4), whereéA, ., corresponds to the shortest
180°) (Fig. 5row — —), the total numbers of Mjlthat were  length assigned to an actin protofilament in RBCs: 384 A
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fluenced the number and the spatial distribution of Ml
(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,
Ana) = (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 A, for NM = 1 and when
40% of the spectrin tetramers were locally disrupted, the
total number of calculated actomyosin Il complexes was
equal to 33. This value corresponds to a rectangular parti-
A 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% (1um?) 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 MJlassociated with each actin

B protofilament were calculated. We assumed that the actin
protofilament effective length was equal to 600 A,
Ana) = (0, 60) and that their freedom increased as a
FIGURE 4 Recruitment of the MII minifilaments over the membrane. function of the number of disrupted spectrin tetramers.

Diagram of the MII minifilament recruitment, considering either the We hav lculated th ilibrium of the matrix when
6-neighborhoodHexagonal gridl (A) or the 8-neighborhoodé€ctangular € have calculate € equ um o e ma

grid) (B) organizations of the membrane skeleton. The values correspon®fM equaled 1, 2, 3, 4, 5, or 6 (Table 1). We have compared
to the recruitment of the Mjlwith a density equal to 3.fifn? (see text).  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,
) the total number of linked actin protofilaments is constant
%~90) whatever the value of NM, 2) 5 is the maximum
number of Mll, that can be calculated, and 3) only 10 actin
protofilaments support either 3 or more MIIThis shows
Orientation and freedom of actin protofilaments that raising NM from 3 to 5 neither increased the number of
. i . linked actin protofilaments nor changed the geometries
The actin protofilaments were considered to be able to move . . . i
. . . o . of spectrin tetramers or junction complexes significantly
in a 2 steradian solid angle, and their orientations were Fig. 6)
defined as the projection in the membrane plane of 16( g ).
possible orientations (Fig. €), the perpendicular position
being omitted. The calculation showed that no aCtomyOSirNetwork restoration and densities of
Il complex could be formed when the fixed actin protofila-
ment orientations were considered (data not shown). Thus
is impossible for two activated junction complexes to in-We have measured the superposition of the junction com-
clude two antiparallel actin protofilaments at a distanceplexes’ AOIs and observed that they increase with the
compatible with Ml}, lengths when the orientation of pro- percentage of spectrin disruption inside the window (Table
tofilaments is randomly defined and fixed over the matrix.2, A and B). However, the distribution of the AQIs in the
The orientation of actin protofilaments appeared to be thenatrix plane (Fig. 3) showed that the gap is balanced by the
principal limiting factor for the formation of actomyosin Il displacement of all of the junction complexes in the mem-
complexes. brane plane. This reflects the fact that the local disruption of
When the degree of freedom of the actin protofilaments isspectrin tetramers is associated with an increase in the AOI
correlated with the degree of disruption of the spectrindensity not only at the border of the gap, but also within a
tetramers, the effective length becomes a limiting factorlarge crown around it (except for the highest disruption,
Both actin protofilament freedom and effective length in-=65% of spectrin disruption). The data shown in Table 2

(Shen et al., 1986). The results were similar to those that w
observed whenA i, Amnay = (0, 60).

“mction complexes
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FIGURE 5 Effect of the actin protofilament effective length and orientation (NMl). 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 tipReO~60)

—: The calculation of actomyosin || complexes was realized only when the interval between two activated actin protofilaments was taken inlR@aecount.

++: 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 Il 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 Il complexes are colored in black and red, respectively.

strengthen this calculation. In the presence of actomyosin IRank and bending of the myosin polymers
complexes, the number of AOIs superposed once or not aIL
all, calculated as a function of the increasing disruption

i <709 i _—
percentage (Table B), is never<70%, whereas it can go two types of MII miniflaments on both the number of

down to 59% in the absence of actomyosin Il complexes.actom osin Il complexes and the network restoration effi-
The comparison of the AOI density patterns obtained in y b

i ciency were almost identical.
the absenpe or presence of M(Fig. 3) shows that .1) the One of the most important results is that the bending of
actomyosin Il complexes are able to decrease slightly thtf{/”

. . . . I minifilaments was not absolutely necessary for the
extenglon of the gap after an important disruption of the.network restoration efficiency, because more than 80% of
spectrin tetramers (between 35% and 70%) and 2) the Mafhe actomyosin Il complexes are formed even if the Mll

_effec_t of actomyosm I_I complexes is to malnta_ln SOME minifilaments are not bended, as compared to 100% when
junction complexes inside the area when the major part o{hey are bended

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 M8 DISCUSSION

(Fig. 6). But because NM= 1 is sufficient to promote an In RBCs shear stress or oxidative damage due to free
equivalent restoration, and because under this condition thedicals induce the local disruption of the spectrin tetramer
number of actomyosin Il complexes is compatible with thenetwork and a subsequent hemolysis (Jarolim et al., 1990;
lower local density of MI} in the peripheral cytoplasm Daniels et al., 1983; Waugh and Low, 1985; Waugh et al.,
(whatever the percentage of the disrupted spectrin poly1986). In the present theoretical approach, we propose that
mers), we propose that NM 1 is the condition most likely actomyosin Il complexes are involved in the repair of the
to ensure an efficient restoration of the spectrin network irerythrocyte spectrin skeleton via a network restoration
a large gap. mechanism. Our model involves a stable linkage of actin

he effects of the rank of the myosin Il polymers (IMénd
MIl ;¢ Fig. 2, A andB) were calculated. The effects of the
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TABLE 1 Effect of NM variation opening” and “auto-closing” equilibrium (Kozlov et al.,
Number of added Mil-minifilaments 1990). This equilibrium depends on 1) the shape of the
M M NM M M M membrane (p_Ianar, c_yllndrlcal, or spher!cal) and on 2) the
% Cut -1 =2 =3 -4 =5 =—¢ energy associated with the local extension of the cytoskel-
A eton. This could explain the dynamics of the RBC skeleton
15 0 0 0 0 0 0 during spicule formation. The radii of the largest gaps
20 6 13 14 14 14 14  remained inferior to the critical radius for a percentage of
25 4 8 11 11 11 11 disrupted spectrin tetramers below 15%. The repair was not
30 7 9 12 12 12 12 necessary for a disruption of spectrin tetramers lower than
ig 1:5L 12 1% 261 262 262 this limit. The maximum length of the remaining spectrin
45 5 5 1 1 1 .  tetramers was subsequently determined for each step of the
50 1 0 0 0 0 0 calculation between 15% and 70% of local spectrin disrup-
55 5 3 5 5 5 5 tion, with or without MIl, addition. The length values
60 1 1 0 0 0 0 ranged between 1.37 and 2.05 LU and were never higher
65 1 1 0 0 0 0 ! .
70 1 1 0 0 0 0 than the spectrin tetramer maximum length2(5 LU)
sum 44 59 68 70 71 71 (Bloch and Pumplin, 1992), rendering the mechanical tear-
Linked actins 88 89 89 90 91 91 ing of gaps very improbable (data not shown).
_ o Some arguments suggest a functional role for RBC my-
n Number of linked junctional complexes osin Il. It is thought that MII minifilaments are involved in
B the remodeling of the RBC shape (Fowler, 1986; Colin and
2 48; 423 45025 45024 45033 ‘;)033 Schrier, 1991). The amounts of myaosin Il in different frac-
> 29 27 o8 o8 og  tions of RBCs were measured under conditions that favor
3 10 8 8 8 the interaction between actin and myosin (Matovcick et al.,
4 2 1 1 1986), especially in skeleton preparations and inside-out
2 1 é vesicles. Myosin Il is retained on 10Vs that are enriched in

integral membrane proteins (Steck and Kant, 1974; Bennett
(A) Number of added MY as a function of NM and the percentage of gnd Branton, 1977). Moreover, the disruption of the skeletal

spectrin tetramer disruption. The maximum number of actomyosin || . iee . .
complex is obtained if NM= 3. When NM= 1, the sum of the calculated network induces the SpeCIfIC adsorptlon of myosin Il to the

actomyosin Il complexes between 20% and 40% of spectrin tetramemembrane bilayer and/or to membrane proteins (protein-
disruption equals 33. (B) Number aftimes linked junction complexes in 4.1, for example, is able to link myosin Il; Racusen and
function of NM. When NM= 3, 4, and 5 we observe only a modification Pasternack, 1990).
2;::3;‘;‘;?2:‘_’” Z;Sl)ta(%d got;mes“”keo' actin protofilaments. Inthese . The C#* activation of the actomyosin I machinery in
e T RBCs seems to be similar to that in smooth muscle cells
(Trybus, 1991; Tan et al., 1992) or other biological systems

protofilaments by bipolar MIl minifilaments around the (Chrzanowska-Wodnicka and Burridge, 1996). In RBCs,

damaged area of the network, which can then facilitate thé€ internal calcium concentration [€3, depends on the
reorganization of the whole cytoskeletal ultrastructure. Théfauilibrium between passive influx and active efflux
topological consequences and the efficiency of this modefl"ough a membrane CaATPase activity (Larsen et al.,
were studied with regard to the physiological activity of the 1981; Graf and Penniston, 1981; Niggli et al., 1981; Kosk-
“bilayer-skeleton unit.” Kosicka apd Bzdega, 1988.; Adamo et al., 1990; Sackett gnd
Different mathematical models have been proposed t&c0Sk-Kosicka, 1996). During a shear stress, the passive
calculate the RBC spectrin network architecture as a funcinflux increases by up to one order of magnitude (Larsen et
tion of different biophysical parameters (Kozlov et al., @l 1981; Johnson and Tang, 1992; Kodicek et al., 1990).
1990; Saxton, 1992, 1995; Boal, 1994; Hansen et al., 1997)Vhen this influx increase occurs in the peripheral cyto-
The actual positions of the junction complexes in the hexlasm around the area of damaged cytoskeleton, the local
agonal matrix move around a mean “3D” location as alC& ']; may rise enough to allow a local and rapid forma-
function of time and dynamic conformation of spectrin tion of actomyosin Il complexes (Foder and Scharff, 1981;
tetramers (the theoretical thickness of the skeletoni60  Ogawa and Tanokura, 1984; Milos et al., 1986; Gardner and
A; Boal, 1994). It has been proposed that spectrin tetramer8ennett, 1986; Ikebe and Reardon, 1990; Tanaka et al.,
may act as entropic springs (Saxton, 1992). Although thisl991; Tan et al., 1992; Marston and Redwood, 1993; Der
simple model does not take into account all of the paramTerrossian et al., 1994). The local protein density may also
eters involved in the skeleton topology, it allows one tobe involved in the modulation of [€4];. Because the local
calculate the consequences of local disruptions of spectriaffect of spectrin tetramer disruption is to induce a protein-
tetramers. free area (Fig. 1), it may be postulated that the calcium pulse
It was demonstrated that small protein-free areas (with & amplified because of the local decrease in proteins that
critical radius of ~1000 A) are submitted to an “auto- can chelate Cd, as spectrin does (Lundberg et al., 1992).
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The number and the location of myosin Il moleculesplasm (Fig. 4). We postulated that the myosin Il molecules
inside the RBCs are two basic parameters involved in oucould only be recruited from the six or eight equivalent
model. The number of the myosin Il molecules was esti-areas surrounding the disrupted region. At the lowest myo-
mated to be between 2400 and 6000 per cell (Wong et alsin Il density, the maximum number of MIthat must be
1985; Fowler et al., 1985). Consequently, the theoreticainvolved in the restoration of a wm? window ranges from
number of Mll, 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
Il revealed that myosin is mainly located in thel um-  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 Il in RBCs must range betweercount: 1) the effective length and 2) the free rotation of the
3.6 and 9.2 MI}/um? of membrane, considering that the red actin protofilaments; 3) the folding and 4) the number of
cell membrane area is 163 um? (Albritton, 1952). MIl , that may be linked to one actin protofilament; and 5)

To limit the number of MI}, that may be involved in the the local activation (weight) of the junction complexes
local network restoration and to avoid a large decrease odround the impaired area. When 1) the effective length of
Ml , all over the membrane, we have defined hexagonal oactin 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 AOls

% 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 0.20 211
7 0.01 171
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 1.06 112 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 polymgers (rangi
from 15% to 70%) in the absence and presence of,Méspectively.

of the local disruption of the spectrin meshwork, the calcu-and Saxton (1995), corrals of spectrin tetramers correspond
lated number of actomyosin Il complexes for N 1 is  to small areas where cytoplasmic molecules can interact
compatible with the lowest limits that we have defined. directly with the bilayer. Figs. 1 and 5 show that actomyosin
The maximum restoration was obtained for N\V3 (Fig. 1l complexes do not reconstruct new corrals of spectrin over
6). This is in agreement with the theoretical density ofall of the disrupted area because they are longer than the
myosin heads per actin protofilament (3.3 myosin headshative spectrin tetramers and do not associate with the
600 A actin protofilament; Van Buren et al., 1995). How- bilayer the same way as spectrin does.
ever, the same local topological effects were obtained when- The most important geometrical effect of the passive
ever NM was equal to either 1 or 3; NM 1 is sufficientto  network restoration that we have observed is the increase in
ensure the restoration of the network (Fig. 6). This value ighe density of junction complexes inside the impaired area.
compatible with the low density of MIl miniflaments in As shown in Fig. 3, this effect is observable when the
proximity to the locally disassembled spectrin network.  percentage of spectrin tetramer disruption reaches 30% and
To estimate the biological efficiency of this restoration, above.
we took into account the “corrals of actomyosin Il com- The passive restoration efficiency of the spectrin network
plexes” that we obtained. According to Kozlov et al. (1990)that we have calculated seems to be limited. But it may
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induce the local dynamic reorganization of the spectrincase of the experimental formation of the inside-out vesicles
tetramers inside the damaged area (Liu et al., 1993; Hansaf erythrocyte ghosts (Lew et al., 1988).
et al., 1997). We have qualitatively tested the consequence of the local
The involvement of MIl minifilaments in a dynamic [C&*]; increase for the activation of the myosin Il machin-
repair process has already been observed in cultures efy through the phosphorylation of myosin Il regulatory
epithelial cells and described as a “purse-string” mechakght chains by myosin light chain kinase. We used autora-
nism; the actomyosin Il complexes form a ring around thediograms of the sodium dodecyl sulfate polyacrylamide gel
wound that must be sealed (Bement et al. 1993). In this cas€lectrophoresis patterns of the whole protein¥’Btlabeled
myosin Il is involved in the repair of a wound the diameter RBCs, at rest or submitted to high shear stress. We used an
of which may be over 3@m (area> 700um?). In our case, €ectacytometer for this purpose (Bessis and Mohandas,
the area of the impaired areadsl um?, and the actomyosin  1975); the shear stress was increased up to the appearance
Il network that we have calculated tends to link the oppositef slight hemolysis. Because of the low intracellular amount
edges of the wound, the diameter of which is near the lengtRf myosin Il, only qualitative phosphorylation of these light
of the actomyosin Il complexes themselves. The dynami@hains may be observed (unpublished results). The study of
process that we propose corresponds to the compacting gpe actomyosin Il machinery during the shear stress should

the disassembled spectrin network area associated with lipi¢flidate the facilitating function of myosin Il in the red
bilayer vesiculation. blood cell repair that we propose and its corollary, the

The relationship between the dynamic behaviors of the.ﬂrgse”ged(?f a low amount of myosin Il in the mass of the
einz bodies.

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 , ,
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