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Actin Protofilament Orientation in Deformation of the Erythrocyte
Membrane Skeleton

Abstract

The red cell’s spectrin-actin network is known to sustain local states of shear, dilation, and condensation, and
yet the short actin filaments are found to maintain membrane-tangent and near-random azimuthal
orjentations. When calibrated with polarization results for single actin filaments, imaging of micropipette-
deformed red cell ghosts has allowed an assessment of actin orientations and possible reorientations in the
network. At the hemispherical cap of the aspirated projection, where the network can be dilated severalfold,
filaments have the same membrane-tangent orientation as on a relatively unstrained portion of membrane.
Likewise, over the length of the network projection pulled into the micropipette, where the network is
strongly sheared in axial extension and circumferential contraction, actin maintains its tangent orientation and
is only very weakly aligned with network extension. Similar results are found for the integral membrane
protein Band 3. Allowing for thermal fluctuations, we deduce a bound for the effective coupling constant, a,
between network shear and azimuthal orientation of the protofilament. The finding that « must be about an
order of magnitude or more below its tight-coupling value illustrates how nanostructural kinematics can
decouple from more macroscopic responses. Monte Carlo simulations of spectrin-actin networks at ~10-nm
resolution further support this conclusion and substantiate an image of protofilaments as elements of a high-
temperature spin glass.
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Actin Protofilament Orientation in Deformation of the Erythrocyte
Membrane Skeleton

Catherine Picart, Paul Dalhaimer, and Dennis E. Discher

Institute for Medicine and Engineering, and School of Engineering and Applied Science, University of Pennsylvania,
Philadelphia, Pennsylvania 19104 USA

ABSTRACT The red cell’s spectrin-actin network is known to sustain local states of shear, dilation, and condensation, and
yet the short actin filaments are found to maintain membrane-tangent and near-random azimuthal orientations. When
calibrated with polarization results for single actin filaments, imaging of micropipette-deformed red cell ghosts has allowed
an assessment of actin orientations and possible reorientations in the network. At the hemispherical cap of the aspirated
projection, where the network can be dilated severalfold, filaments have the same membrane-tangent orientation as on a
relatively unstrained portion of membrane. Likewise, over the length of the network projection pulled into the micropipette,
where the network is strongly sheared in axial extension and circumferential contraction, actin maintains its tangent
orientation and is only very weakly aligned with network extension. Similar results are found for the integral membrane protein
Band 3. Allowing for thermal fluctuations, we deduce a bound for the effective coupling constant, «, between network shear
and azimuthal orientation of the protofilament. The finding that « must be about an order of magnitude or more below its
tight-coupling value illustrates how nanostructural kinematics can decouple from more macroscopic responses. Monte Carlo
simulations of spectrin-actin networks at ~10-nm resolution further support this conclusion and substantiate an image of
protofilaments as elements of a high-temperature spin glass.

INTRODUCTION

In addition to its role in cytoplasmic structuring, F-actin is whether this intrinsic orientational parameter might be
a ubiquitous component at cell membranes. Even the reghysically influenced by deformation of the membrane.

cell membrane’s relatively simple spectrin network appears Filament orientation is an issue of broad cell biological
critically dependent on short, stiff actin protofilaments relevance, inasmuch as filamentous actin is found in various
(~14 = 1 subunits). In the red cell, F-actin forms junctional states of order at or near the membranes of many deform-
nodes cross-linked and intertriangulated by more flexibleable, eukaryotic cells. A couple of examples beyond the
spectrin chains (Fig. 1) (Bennett and Stenbuck, 1979; Byersrythrocyte are worth citing. Oriented growth of F-actin
and Branton, 1985; Shen et al., 1986; Reid et al., 1990from specifically angled branching sites that involves the
Alloisio et al., 1993; Ursitti and Fowler, 1994). This struc- actin-binding protein Arp 2/3 (Mullins et al., 1998) is cur-
ture is of general importance to erythrocyte function, asrently believed to drive the leading edge of motile cells.
evident from the component defects and deficiencies thajyrapped around the circumference of the cylindrical outer
lead to easily fragmentable membranes and anemias @fair cell, F-actin also directs the vectorial transduction of
varying severity (e.g., Waugh and Agre, 1988; Mohandasound to sensory neurons (Holley and Ashmore, 1990;
and Evans, 1994; Discher et al., 1995). To further elucidatgyghalaj et al., 1998). To address the general issue of me-
determinants of network structure, fluorescence polarizatioggscale actin response in cell deformation, fluorescence
microscopy (FPM) (Axelrod, 1979; Zhukarev et al., 1995) ho|arization microscopy has been coupled to micropipette
has recently been applied to resealed erythrocyte ghosigpiration. A first application here is to rhodamine-phalloi-
harboring rhodamine-phalloidin-labeled actin (Picart andgin_japeled actin protofilaments in resealed erythrocyte
Discher, 1999). By use of FPM methods, actin protofila- ,poets.

ments in dlscocytes. and osmotically sphered ghosts were The essential physical process in focus is illustrated in
shown to be essentially tangent to the membrane, at leagly 1 A where an initially undeformed portion of mem-
within the 15°-20° resolution _Of current methods. The "®prane network is distorted with spectrin chain extension as
sults also appeared most ponS|stent with arando_m azimuth ell as contraction. Network stretching of the magnitude
angle, n (Fig. 1 A), leading to some speculation as to sketched (twofold extension) certainly occurs along the
cylindrical portion of the micropipette-aspirated projection,

: — - as originally conjectured by Evans (Evans, 1973; Evans and
Received for publication 6 March 2000 and in final form 20 August ZOOO.Skalak, 1980) and as directly supported by both fluores-
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spectrin

FIGURE 1 Scaled schematics of the red cell membrane’s spectrin-actin netpkke(v from the inside of the cell, showing actin protofilaments lying
tangent to the bilayer, randomly directed, and intertriangulated by spectrieffjatThe reversibly deformed state (aght) shows actin together with
spectrin, either elongated or compress@j.lGcluded in the side view are several integral and peripheral membrane proteins implicated in anchoring the
actin protofilaments and spectrin to the overlying bilayer. Note that the helical actin protofilaments have leng8fsroh and that the actin filaments

are interconnected by spectrin with a spacing-a5 nm, center to center. Spectrin tetramers are drawn280-nm-long flexible elements.

being roughly twice the persistence length of spectrin (e.g.by spectrin extension. Disruption is a particular possibility
Discher et al., 1998), the protofilaments can be considereth curved regions of membrane where a membrane-normal
rigid compared to spectrin. Therefore, a given actin protocomponent of force will arise.
filament will not be extended, but its mean azimuthal angle The following Materials and Methods section briefly
might very well rotate from an initial value), to a new reviews details of the experimental methods, including a
value n because of spectrin extension and lateral sterimecessary summary of single-filament FPM results. Subse-
interactions. The fact that actin protofilaments are longquently, a theoretical backdrop for FPM aspiration experi-
relative to their spacing in situ suggests that any actimments is provided by elaboration of a zero-temperature,
filament nanorotations would establish new “boundary con-continuum hypothesis for actin filament reorientation in
ditions” on spectrin extension and thereby also contributenetwork deformation. The relatively simple affine, reorien-
nontrivially to network elasticity. The end result could well tation model concludes with predictions, plus or minus
be, however, a spin-glass system with counteracting elastithermal fluctuations, for the magnitude of azimuthal reori-
in place of magnetic spin interactions (e.g., Franzese, 2000gntation of protofilaments in micropipette deformation.
Azimuthal fluctuations would complicate, but not neces-While instructive, the theoretical kinematics are then given
sarily invalidate, the static picture above. Of course, giveran experimental context: FPM results are presented and
that all the network components are in thermal motion adiscussed for red cell ghosts pulled into micropipettes to
~300 K, thermal averaging must apply, i.e;, = (n).  varying extents. Ultimately, the results prove consistent
However, it should be clear that the spectrin tethers and thwith 1) strong molecular constraints on actin’s orientation
associated finite shear rigidity preclude the actin protofila-but only with respect to the memane, and 2) a surpris-
ments from spinning freely. A well-defined thermal averageingly weak, almost neutral influence of deformation on
7 should therefore emerge for each filament, with fluctua-azimuthal nanorotations of protofilaments.
tions being related to the network’s shear rigidity through
local tethering arrangements, couplings, and perhaps alSQATERIALS AND METHODS
spectrin unfolding (Rief et al., 1999). Whether rotations of
actin are weakly or tightly coupled to overall network Fluorescence polarization microscope and
motions is among the central issues to be examined. Equalfpicromanipulation
important to address is whether the tangent orientation Ofs described by Picart and Discher (1999), fluorescence image collection
membrane actin presumed above is significantly disruptedias accomplished through strain-free objectives on an infinity-corrected

Biophysical Journal 79(6) 2987-3000
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Nikon TE-300 inverted microscope: either a>4@1.0 NA) or a 60< (1.4 Single-filament FPM

NA) objective was used, with an immersion oil of refractive index 1.52. A

high-sensitivity, cooled and back-thinned CCD camera (CH360; PhotoEmission intensities from single filaments were tabulated with respect to an
metrics, Tucson, AZ); controlled by Image Pro (Silver Spring, MD) soft- optics:-defined triad. As indicated fc_Jr the ima_ge intgnsity surfa}ce of Fig. 2
ware running on a Pentium 200 MHz PC, was connected to the side por X1 iS always set by the propagation or optical axis of the microscope. It
of the microscope via a 20 magnification lens. A Chroma Technology 2/ways also coincides with the laboratory-fixedirection. In contrastx,
(Brattleboro, VT) filter set consisting of an exciter (HQ545/30), an emitter IS S€t by the excitation polarization and can coincide with either the

(HQ610/75), and a dichroic (Q565LP) was used for all imaging Mounteg'@boratory-fixedy or z direction. Filament orientation is denoted in inten-
between the microscope’s 100-W Hg excitation lamp and the di(:hroicSity measures with respect to ti¥sframe by a presubscript. For example,
denotes a polarization intensity for a filament lying parallel to Xge

- A ) ’ |

reflector was a three-holed slider with both vertically and horizontally %2l . . o s 7S .
. . A y - y axis and imaged with the emission polarizer in ¥aadirection defined by
oriented polarizers (Meadowlark Optics, Denver, CO). The excitation lamp o ) . . o
the excitation polarizer. Filaments generally have an orientation in 3-space

was shuttered (Uniblitz from Vincent Associates, Rochester, NY) to Syn'FFig. 2 A, inse), however, with direction cosines in the optical frame, such

chronize excitation with a second shutter exposing the CCD; the typicaasN ~ cos Obtical transfer functi that relate the intensity t
: 1 nx1. Optical transfer functions that relate the intensity to
exposure time was set between 200 and 300 ms. Mounted between trfl'?ament orientation

emission filter and the camera was a second three-holed slider. The

micropipette manipulation system was analogous to that described previ- |H =~ qay + alNQi + a2N§§ + a3NQ§ (1a)
ously (Discher et al., 1994; Lee et al., 1999). Furthermore, based on images

of swollen ghosts held inside or outside of a micropipette, it does not I, = B+ BlNQ% + BZN% + B3N§§ (1b)
appear that the micropipette wall detectably affects polarization imaging.

All experiments were carried out at 23°C. are suggested by Axelrod (1979), who gave the idealized sets, ¢ for

Where object symmetry permitted, image intensities were averaged foan isolated dipole observed under high NA. For the isolated dippte,2
like polarizer orientations. However, to deal with the symmetry breakingfor all i, and the constant terms vanish. Becalje= 1, however, it is
by the micropipette, a laboratory-fixed coordinate frame is introduced, withequally reasonable to eliminate oNg; and keep the constant terms. For
z always in the direction of the micropipette axis andlong the optical ~ Symmetry reasons, thx, term will be eliminated in what follows. Fur-
axis. If both polarizers are parallel to tieaxis, then the fluorescence thermore, Fig. 2A as well as additional analyses, including that of Picart
intensity at a given point A in an image will be denoted B. If both and Discher (1999), suggest that long filaments oriented normal to the
polarizers are perpendicular to thexis, then the fluorescence intensity at Plane are as intense as those in the plane; in particglar, ~ ol , ~
point A will be denoted byFf. If the excitation polarizer is parallel to the xal .- Equation 1b thus reduces to a constant independettft reflec-
z axis and the emission polarizer is perpendicular tozfeis, then the tlye of _experlmental pargmeters such as _fluorescent labeling, _Iamp inten-
fluorescence intensity at the given point A will be denotedry If the SV alignment of polarizers, etc. Variations between experiments are
excitation polarizer is perpendicular to thaxis and the emission polarizer therefore minimized by tabulating ratios df/(,), as reported by Picart

is parallel to thez axis, then the fluorescence intensity at the given point A and Discher (1999) and employed here in the forms

will bg denpted py £. Actin protofllament; can, of course, be orleqted in (nX3|H/nX3| )~1.0+1.4 CO8ny3 (2a)
any direction with respect to these optically defined axes; a pixelated

ensemble ylgldg thg S|gngls just I.|sted.for point A. For. single act!n fila- <(T)X3IH/T)X3|L)>TIX3 ~ 1.39+0.13 (2b)
ments, polarization intensity notation will conform to prior convention as

described below and introduced by Picart and Discher (1999). (XZIH/XSIL) ~ (XZIH/XZIL) ~10 (2¢)
F-actin and EMA-band 3 labeling Note that the rationfxsl|/ L x5l L) denotes an angle-dependent polarization

ratio for a single filament in th&,-X; plane (Fig. 2B), whereas. . . )nxs
Rhodamine phalloidin was purchased from Sigma (St. Louis, MO). Label-denotes an angle average obtained from a ratio of total image intensities for
ing of the red cell cytoskeletal network was achieved during reversibleparallel and crossed polarizers. Both results are fit well pith= 4. The
hemolysis as outlined in previous studies (Discher et al., 1994). Rabbitatter, integrated constraint was largely ignored in the previous analyses of
muscle G-actin was purchased as 99% pure in buffered solution fronPicart and Discher (1999), whepe= 2 was assumed. Based finally on all
Cytoskeleton (Denver, CO) and stored frozen-at0°C. Polymerization ~ of the above, a single optical transfer function is approximated as
and observation in deoxygenation buffer were also performed as described _ ol p2 03
by Picart and Discher (1999). In brief, 10 mg/ml G-actin solution was (I\I/I 1) =~ aotaiNGg + &N + aNgs (2e)
diluted 1:100 into buffer A (300 mM KCI, 10 mM MggG| 40 mM
phos.phate-buffered saling, 0'0_5 mMmercaptoethanoI) that.haq been surface defined by a vector from the origin and of lengti () with
predlluted to 25% viv wnh delgnlzed water. After pplymerlzatlon and direction specified by the angles,, andmss is shown in Fig. 2C. Such
fllament COIIeCt_'O_n by centrifugation, the pelleted F'a_Ct'r_' was resuspen_de% transfer function, it must be stressed, is instrument-specific, so that one
in buffer containing an oxygen depletion system (Kishino and Yanag|da,must return more generally to Eq. 1 and determine suitahles() while
1988) of 2.3 mg/ml glucose, 0.018 mg/ml glucose oxidase, and 0.1 mg/m&earching, if desired, for simplifying approximations.
catalase. The chamber for observation was assembled from a microscope
slide typically coated with poly-lysine (0.01% w/v in water) to immobi-
lize the filaments. THEORETICAL PRELIMINARIES

Band 3 was labeled with eosin-5-maleimide (EMA) (Molecular Probes,

Eugene, OR) by methods described previously (Discher et al., 1994). IAffine rotation model

comparison to rhodamine-phalloidin-labeled membranes, EMA appearegi, . . .
much brighter initially but photobleached much more rapidly. Corrections he Materials and Methods section above illustrates a gen-

were made as needed for photobleaching by taking multiple images an@fal ability to quantify actin filament orientation and thus
estimating the rate of signal decay. leads to the question, why might protofilament rotations be

wherea, = 1.0,a, = 0.35,a, = 0.0,a5 = 1.4,p, = 4, andp; = 4. The

Biophysical Journal 79(6) 2987-3000
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anticipated in red cell aspiration? A “zero temperature”
answer is based on the process illustrated in Fid\: &
generic elastic sheet with a fan of painted line segments on
it is geometrically transformed, variably extending and ro-
tating segments of the fan in the process. The stretch factor
A, and lateral contractioh, define an affine transformation
that applies pointwise within the sheet. An initially uniform
fan or distributionP(n,) (Fig. 3B) of such line segments is
clearly skewed nonuniformly by such a shearing distortion.
The mapping, which we will denote by a tenddy where

'y = A, Ty = Ay, andlhy, = 'y, = 0, allows a straight-
forward solution for the relative rotation of material seg-
ments. For an initial line segment of length with a
direction denoted by the unit vectdvl, the same line
segment of new length in the deformed state, also has a
new direction specified byn. With these definitions, it can
be shown tham | = T" M |,. Thus, employing the unit
vector componentsM;, M,) = (cosn,, sin n,) and {n,,

mM,) = (COS Mafiines SIN Masiine): the new angle and corre-
sponding segment extension can be solved for in terms of
the original angle and the material transformation:

2.0

I“l I.L

1.0 4
1.0 + 1.4 oS Ty

llllllllll[llll

90° 60° 30°
Filament Angle to Excitation Polariz'n: s I, = [AZ Sir? m, + AT coSn,]* (3b)

A

pi
<
~
W\'no + LZ'—‘- Nagfine &2

COSNaffine = [()\1/)\2)2 Sinzno + C0§n0]71/2 COs, (39)

o
°

P (nuﬁfneJ
AM= 2

o= 0.5

P(n,)
90 60 30 0
Naffine (dEg)
.
9 60 30 0 P/l
FIGURE 2 Actin filament intensities when oriented with respect to the Mo (deg)
optical X; axes. A) Image intensity surface, which shows that isolated
filaments parallel to the optical axiX{) tend to be as bright as filaments
in the X,-X5 plane. B) Polarization ratios for individual actin filaments, or
portions of filaments, oriented with respect to the excitation directigh ( 0 1 2
(cumulated from Picart and Discher; 1999. All filaments30) were on or /1,

near the coverslip, in th¥,-X; plane, but oriented at an angigs with
respect to theX; direction. The open data point corresponds to Eq. 2b,
which is an average obtained from intensity ratios of whole imadesej
Polarization images of individual actin filaments; excitation and emission
polarizers are either paralldeft) or crossedr{ght). The scale bar is am.
(C) Surface of a distorted unit sphere for filament polarization ratios (Eq. 2e)

FIGURE 3 Skewing of material filaments in affine deformation of a
continuum. A) An initial fan of material lines that are painted on an
undeformed portion of material is distorted in biaxial transformation to a
deformed state. Thigh material line has an initial anglg, that rotates to
anew angleygine- This occurs in a manner that depends nonlinearlyion

As a consequence, an initially random distribution of filament angles,
shown at left inB, can be transformed to a nontrivial distribution of angles
that is significantly skewed. In addition, the distribution of filament ex-
tensions is bimodal and is bounded by the extension ratios.

Biophysical Journal 79(6) 2987-3000
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Equation 3a yields the appropriate trivial limitg;g,e = 0°
or 90° whenever, = 0° or 90°, respectively; antine =
n, Wheneverh, = A, To illustrate the effects of affine
rotation on a uniformly distributed fan of line segments, an
experimentally relevarit has been assumed to calculate the
P(Masine) ShOown in Fig. 3B. The skew of this distribution
toward small angles reveals the propensity for material lines
to align with the direction of principal deformation, tie
axis here. The effect is one of shear alignment, with prin-
cipal shear lines being rotated from the chode direc-
tions. Whether actin in a spectrin network rotates so much
in such a deformation is the central issue to be addressed.
The material segment extensioll,,, given by Eqg. 3b
yields an asymmetrical, bimodal distributidl/l ;) that is
strictly bounded by peaks at; and A,, though skewed
toward A,. This result coarsely resembles spectrin stretch |
distributions computed in Monte Carlo simulation of a g o . :
triangulated network under micropipette aspiration (e.g., s fom f o g
Fig. 7A, Discher et al., 1998). Indeed, in relating the present ;i C
affine model results to deformation of the spectrin-actin 1 oo
network, it seems most suitable to propose, as an initial 2.0
framework, that actin protofilaments only rotate, whereas l 10
spectrin chains are changed in end-to-end length. Intu- (F=/F_)cL
itively, this assumption should at least provide an upper i 1
bound on actin protofilament rotations. In addition, Eq. 3 i ﬁ\
implies that we need only know the lodalto estimate actin s 101, 102
reorientation. This proves fortunate because conventional 1.5+
fluorescence experiments (FigA} provide verified (Lee et b L
al., 1999) measures of relative network density,as well 1 o D
as A, and A, along a micropipette-aspirated projection of 1 10
network (Discher and Mohandas, 1996). Axisymmetry is 2.0
assumed with th@-direction taken as the circumferential 1 1
direction and thel-direction along the meridian: (F=/F. )edge | _I(E-Oz\

A= 1U(pAy) (4a)

[ (Rol g (1) N ey
vo= - [[%)- (e [oe] I

The upper limit on the integrat;, is the axial distance from FIGURE 4 Membrane actin distribution in a micropipette aspirated cell
the tip of the projection. The radial distance from the axis oftogether with affine model predictions for protofilament rotations on the
symmetry is given, foz’ = Rp, by r(z) = Rp and the  projection. f) Monte Carlo simulated network as a plane-projected image.
reference sphere of the same area as the deformed cell h h simulated distributions are shown to be in extremely good agreement

. . . . N . with experiment (Discher et al., 1998) and lead to very reliable determi-
a radius given bR, Generically, the “mean” stretch ratio nations of network stretch ratio distributions, and A, (Lee et al., 1999).
A, in the direction of the micropipette axis {82 or more  (B) Mean filament angle with respect to taedirection according to the
over much of a projection’s lengthR, = 4; /R, = 1). In affine model of Eq. 3a.G andD) Predicted polarization ratios along either
contrast, A, in the circumferential direction is typically the centerline or the ed_ge of the aspirate_zd projection, as estimated u;ing
~0.5 or less. Such kinematic results, with minor qualifica- Egs.1 and 2 together with the thermal-affine model. In this average affine

. . . angle defines the angle of minimum energy and other filament orientations
tion, were dlreCtIy confirmed by fluorescence pattemedcontribute to the signal according to their Boltzmann weight (Eq. 6). Each

photobleaching (Lee et al., 1999). Knowing and A,  curve corresponds to a rotational elastic constant in units bthat varies
pointwise allows subsequent estimation of filament reorienfrom large ¢) to small.

tation using Eq. 3a. Fig. A illustrates a distribution of actin
that is typical of earlier results (Discher et al., 1994, 1996)
and which readily yields, via Egs. 3 and 4, a pointwise

Biophysical Journal 79(6) 2987-3000
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FIGURE 5 Polarization images of a single,
micropipette-aspirated, actin-labeled cell with a
relative projection length df/Rp = 6.4, where
the micropipette radius i®, = 0.7 um. The
locations of membrane points B and C on all
four images are determined by the excitatio
polarizer orientation, which is perpendicular to
the micropipette ilPA andB and parallel to the
micropipette inC andD.

computation of the average reorientation andtg«,.  assumed affine deformation are shown, respectively, in Fig.
along the projection (Fig. B). Additional calculations with 4, C and D, as the curves composed of circular points.
a model projection half the size of the one analyzed her®efinitive gradients in fluorescence polarization ratios
yield overlapping results, suggesting a relatively weak deemerge, and the intensity ratio magnitudes are generally
pendence of polarization ratios on aspirated projectiorwithin reliable detection limits of FPM, as evidenced by
length, L/R,, although ratios can depend strongly on posi-Fig. 2.

tion z' along a given projection.

FPM image predictions Thermal fluctuations around affine means

Bv emploving Eas. 1 and 2 for fluorescence oIarizationThe above affine reorientations do not include azimuthal
y employing =as. P fluctuations. For initial purposes, a “bounded” Gaussian is

ratios, distributions fom such as those in Fig. B can be . . .
readily converted to spatial distributions of fIu0rescenceassumed about the affine angigaine Of theith protofila

polarization ratios. Along an aspirated projection, this ismept. To capture th'?’ each protoﬂlament n a local ensem-
very easily done at the centerline, whereorresponds to an ble is assumed to spin through a maximum difference angle
1 -+ — _ o [¢] 1 . . 1

angle in a tangent plane that is parallel to ¥yeXs plane. (= om =) —180 t0+.18(.) relat'\./e (M affine ThE W'.dth

. . . of the (unbounded) distribution is set by the elastic con-
Equation 2a for f5l/m.dl ) then applies to any single S ooced by the spectrin chains: i.e
filament at a pointz’ along the centerline, and one must P y P T
simply determine the average fluorescence signal emanating N B 2
from the collection of protofilaments at. The cumulated P(Em) ~ exp(—kadnitkeT) (6)
ratio denoted byF_/F )<, along the centerline corresponds
to the excitation polarizer being parallel to the micropipette,

which is always taken to be horizontal; whereas the ratic* L
denoted by(F/F_)c, corresponds to the excitation polarizer fom the angular states distributed abaylgne. AS an
P /el example, suppose for thi¢h filament thatn e = 15°

being perpendicular to the micropipette. To illustrate the . : o -attine |
computationsy); is defined as the angle with respect to theWlth respect to the axis of extension; thew; = 15° + o

. . . . . . ' andm; = 15° — &m; will both occur as thermal fluctuations
micropipette axis4 axis) that is made by thigh protofila- ' i . .
ment (of N protofilaments at’): of equal probability,P(émn;), but will make very different

contributions to the signal. It is not surprising that the

N average signal does not precisely correspond to the signal of
(F_IF )oy = % S'P(n)(1.0+ 1.4 coén) (5) the average ;tate. In generalo, i_thafilament’s contri_bution

to the FPM signal, fom; < 45°, is lower than the signal of

the average; whereas the opposite is truerfor 45°. The
Because distributions fof) . vVary pointwise with the difference in fact grows with increased fluctuations (i.e.,
kinematic quantitie$, A,, and\,, such polarization ratios greater variance). However, as a consequence of the large
should generally be'-dependent along the centerline as number of reoriented protofilaments at small anglgs<
well as along the outer edge of the cylindrical projection.45°), there is a strong tendency for reduced polarization
Calculated profiles fotF_/F,)c, and(F_/F )eqqcunder the ratio signals due to thermal fluctuations when compared

With this used in calculations typified by Eq. 5, the FPM
signal becomes a weighted average of the signal resulting

i=1
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with the rigid limit of pure affine response illustrated by the
aforementioned curve of circular points= 0 (k/KgT =

). Computed results for finitek(,/kgT) varying from 10
down to 0.01 are shown in Fig. & andD. Clearly, with
smaller elastic constants, the gradients in polarization inten-
sity ratios diminish along the aspirated projection. This
feature is among the essential diagnostics for distinguishing
between two possible casek:= 0 affine behavior and a
thermally fluctuating, softly intercoupled elastic network. In
sum, thermal fluctuations tend to wash out any tendency for
filaments to reorient in deformation. What is not clear,
however, is whether local deformation of the network mod- -8 -4 0 4 8
ulates the effective elasticity via such conceivable mecha-
nisms as steric crowding and nonlinear chain elasticity. This
is among the principal issues addressed by FPM of micropi-

(Arbitrary Units)

Centerline Fluorescence Intensity >

w

pette-aspirated cell ghosts. 1.2+
1.0
0.84
RESULTS
0.6
Actin protofilament orientation in a resealed
ghost pulled into a micropipette 1.2+
To assess a possible reorientation of actin protofilaments as _E=_ 101
a cell membrane is controllably deformed, a series of po- F 08+
larization images was collected of individual erythrocyte 06
ghosts pulled into a micropipette after labeling with rhoda-
mine phalloidin. A representative set of four images taken 1.2+
with either parallel or crossed polarizers is shown in Fig. 5. 1.04

Several features are particularly distinctive in the two im-
ages with else both polarizers perpendicular (Figh)%or
both polarizers parallel (Fig. €) to the micropipette axis.
First, along the spherical contour of membrane outside the
micropipette, the points having the highest and lowest inF/GURE 6 ~Centerline intensity profilesi) or intensity ratios ). Ex-

. . . citation and emission polarizers are parallel to each other, and both are
tensities and labeled _as points C and B, respectively, Aither parallel &) or perpendicularfj to the micropipette axis. IA, R, =
transposed between images. Second, a more PronoUNCEEe um. The labeled points A and E represent, respectively, the center of
decrease in fluorescence intensity along the cylindrical prothe outer sphere or the tip of the aspirated projectiorB,la weak trend
jection toward the tip is observed through polarizers that arémerges for protofilament alignment in the network-stretchedection.
both parallel (Fig. K:) as opposed to perpendicular (Fig. 5 These regions are highlighted in gray; .the projection’s midpoint D is

. : . : enerally seen to be a good characteristic.
A) to the micropipette axis. In contrast, when the polanzer@
are oriented perpendicular (Fig. A to the micropipette
axis, a higher intensity is discernible at the very tip of the
projection’s cap. a concave-up curvature along the projection, decreasing
A line profile along the micropipette’s centerline (Fig. 6) with z more abruptly near the micropipette entrance than
illustrates the three central features just identified. Quantinear the tip or cap of the cell. In contrast, when both
tatively different profiles are obtained with polarizers eitherpolarizers are parallel to the micropipette axis (ke), the
both parallel or both perpendicular to the micropipette. Eaclprofile has an almost concave-down appearance with an
profile’s minimum intensity to the left of the micropipette equal or steeper slope toward the cap of the projection.
entrance neaz = 0 corresponds to the center of the spher-Qualitatively, the tip of the aspirated projection in Fig. 6
ical portion of the cell ghost (designated point A), and thesgdesignated point E) gives an immediate impression that the
minima appear to be independent of polarizer orientationfilaments lie tangent to the bilayer, conforming to the hemi-
This is consistent with expectations that actin should have apherical cap.
random azimuthal orientation on the outer spherical con- Key intensity ratios obtained from the spherical segment
tour. of membrane outside the micropipette are compiled in Fig.
When both polarizers are oriented perpendicular to th& A and are found to be largely identical to ratios obtained
micropipette (i.e.])), the resulting intensity profile often has with osmotically sphered ghosts (Table 1 in Picart and

0.84
0.6 . — .
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Discher, 1999). Indeed, the filament ensemble model elab-
orated in detail by Picart and Discher (1999) again fits the
data well. Briefly, the single-filament results illustrated in
Fig. 2 and summarized in Egq. 2 were integrated into a
protofilament orientation model where a random azimuthal
angle,n, about the membrane normal was averaged over
[0, /2], and the best-fit angld®), with respect to the bilayer
was deduced. When we compared the model to experimen-
tal results,§ < 20° appeared to yield an excellent fit of four
of the five key ratios, with the exceptional rati&{(F")
standing out as the one with the smallest theoretical depen-
dence or. It thus seems clear that the spherical portion of
the micropipette-aspirated cell is relatively unperturbed ref-
erenced to a red cell ghost that is either osmotically swollen
or discocytic, as elaborated by Picart and Discher (1999).

Noting that the relatively unstrained outer spherical con-
tour and the network-dilated, hemispherically capped tip of
the projection have a common shape, we formed polariza-
tion ratios from intensities at points on the cap designated E,
G, and Hin Fig. 7B andC. These are compared, in context,
to homologous ratios formed from points A, B, and C. For
instance, ratios involving the points G and E would be
homologous to those involving the points B and C, depend-
ing on the polarizer orientation. One slight complicating
factor must be included, however: actin densities differ
between the point E and the points G and H, whereas actin
density is nominally the same at points A, B, and C. Den-
sity-corrected ratios remove this difference by inclusion of
a numerical factor measured from images obtained in the
absence of any polarizers and well approximated (due to
near-linear density gradients) as 0.85 or its inverse. By
including this relative density correction, the average ratio
involving intensities at the points G and E, e.gb/pg)
FHE/FﬁS, is within a few percent of the homologous average
ratio obtained from the outer sphere, i.Eﬁ?/Ff. In this
particular set of homologous pairs, a maximum difference
of 17% for any one cell ghost was found between the ratios
FE/FE and F[/FP. Partial explanation may lie in the fact

) ] ) ] ] _that the points B, G, and H are difficult to locate because of

FIGURE 7 FPMintensity ratios for actin-labeled ghosts aspirated into

micropipettes (seven ghosts; averageSD). (A) Intensity ratios for points on their IO_W intensities. DeSplte_ thls’ all other ratios mvolvmg
the outer spherical segment of membrane, as sketched in the inset. Measufé@€ points G and H were within 7% of homologous ratios
ratios are compared to filament ensemble model estimates (Picart and Dischgyutside the pipette.

1999), where the protofilaments are all either tangént(0°, single ling, Because membrane curvature was shown to have only a

inclined at 45° ¢olid ling), or perpendicularq = 90°, double ling to the . . . .
membrane. Experimental averages pool together such ratiBS/&8 and weak effect on ratios 'nVOIVmg A, B, and C (P'Cart and

Fi/F}, because no significant differences were found between such symmeBPischer, 1999), the finding of comparable results at E, G,
rical pairs. B) Characteristic ratios at the hemisperical cd@rk gray) of the  and H indicates that the tangent angle orientation of actin
aspirated projection when the excitation polarizer is oriented perpendicular tﬁrotofilaments is essentially the same on the unstrained

the pipette axisdark gray). To isolate the relative polarization differences . . - .
between the point E and points G and H, a relative network density differeanUter sphere and the hemisperical cap. This is confirmed by

of ~15% (Discher and Mohandas, 1996) is suitably factored out of thethe ratios, which the tangent orientation model predicts to be
measured intensity ratios. Cap ratios are paired with homologous ratios from .74 for Ff/FE and 0.48 fOIFﬁ/Ff, respectively. We there-

the outer spherical segmeright gray). (C) Similar to B, except that the 410 conclude that the protofilaments are essentially tangent
excitation polarizer is oriented parallel to the micropipette axis. Note that the

points B and C are transposed, with the point C always being identified as thraO the membrane, deSp'te the §on5|derable network strain—
point at which the excitation polarizer is tangent to the outer spherical segmen@nd presumably forces on actin—at the cap.

FO/FD

(PePw F:‘[ / F“E I

Fﬁ/Fﬁ
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FPM of F-actin at the midpoint D along the

‘},p§,8 aspirated prOJec-:tlon.- | .
oD A To assess the orientation of filaments along the projection,
e several ratios involving the center line and edge intensities
pons CLF2/ cLF?, ° at the projection midpoint D were calculated. It was first

found that the key ratios o(F2/c,FP) and (quqdf/
eagd )+ at point D exhibited no dependence on the pro-
jection length (Fig. 8A). It was next found that ratios
1.0} ) involving the point D are practically indistinguishable from

' " i ‘ like ratios at both the point A and, very importantly, the

point H. That is, there appears to be no significant gradient

05 in intensity ratio along the aspirated projection. Six ratios
involving point D are tabulated in Fig. B, together with
their analogous ratios from the outer sphere. Comparable
ratios between the projection and the outer sphere generally
were within a few percent; the worst case W@Ldzeledgf'i)
and was found to be just outside the standard deviation of its
homologous ratio. Physical explanation for this will be
T+ given in clarifying results below for band 3. All of the ratios
k,,/JkgT < 107, =1 therefore provide the strong impression that the cumulated
orientation of the actin protofilaments on the highly
stretched part of the aspirated network is very close if not
identical to that of the filaments on the outer, unstrained

CLFE / edgeF=D

edgeFE / edger 5
F2/FC

edgeFE/ edgeF”D
Fe/F8
=

cF2/clFE

FA/FA
- contour of membrane.
Hypothesized redistributions fdP(n4ine) are strongly
oLFP / cLFP . .
FA /A skewed at zero temperature as shown in FigB &nd

indicate the emergence of a much smaller and dominant
(Maffine» @S Illustrated in Fig. 8. Assuming that the pro-
tofilaments remain tangent to the lipid bilayer, Eq. 2 to-
gether with the symmetry of crossed polarizers aad {

y =Xy, 2= Xg}, {|l: y = X3, z = X;} imply that

- (1.0+ 0.35N* + 1.4N%)
(1A = (1.0+ 0.35N} + 1.4N))

(7a)

which allows a very simple determination of pipette-parallel
over pipette-perpendicular intensity ratios, provided the av-
erage azimuthal angle, = (n.xine 1S USed without any
further averaging. Thus, if we ignore small curvatures, then
at the point R , where bilayer-tangent protofilaments have
no component along the optical axis (i.82 ~ 0), and at

0° 45° 90° the point Qu4qe WhereNZ ~ 0, we arrive at

: KAzimuthal angle? of protofilament
e gle2 of protoft (F_/Fpe. = (L.O+ LAND/(L.0+ 1.4NY)  (7b)

50

0

1% Differencel : Model vs. Experiment

FIGURE 8 FPM intensity ratios for the midpoint of the aspirated pro- (FJF) ~ (1 0+ 0.35N*+ 1 4N4)/(1 0+0 35N4)
jection of actin-labeled ghosts (seven ghost) Tiwo ratios were obtained =17 Vedge ' ' X o ' 2(70)

from intensities at either the center Iir@_,F‘?/CLF'E, or the projection’s
edge,edg,ffledgﬁf. These ratios appear to be independent of the aspirated
projection lengthl, scaled by the micropipette radiug,(= 0.5-0.9um).

(B) Average intensity ratios at the midpoint of the aspirated projection
either at the centerline (CL) or at the edge. The midpoint ratios are pairedilaments aligning with the micropipette axis. For the model estimates, it is
with homologous ratios obtained from the outer spherical segment ofssumed tha@ = 0°. The minimum difference between model and exper-
membrane. Model calculations for the two ratios shown in FigC 4ndD, iment occurs in the neighborhood pf= 45°; the shaded zone indicates the
along the entire projection are also shown for comparis@j.Relative range of error £17%) typical of FPM measurements (Axelrod, 1979;
difference between experiment and filament ensemble model estimates féticart and Discher, 1999). Very similar results are obtained for ratios
two midpoint polarization ratios. The average azimuthal angles de- involving crossed polarizers. The bars capped by numbers correspond to
fined with respect to the micropipette axis, i.§->0° corresponds to all the most relevant computations shown in FigCandD.
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Given experimental determinations &f.(/F|)pc, ~ 1.14*
0.07 and E_/Fj)pegge =~ 1.37 = 0.07, and given that, in FC/ F8
each tangent plane, there is only the one angle that enters the
analysis (becaus& = 1), we can solve Egs. 7b and 7c for A/ FC
n, (i.e., N) These are found to be-41° = 2° at the
centerline and~43° = 3° at the edge. The significance of
these determinations is emphasized by plotting the relative

difference between experiment and model estimates for
(F_/F)cL o and €_/F))eage o as shown in Fig. &. Allow- : &
ing for a generic error of~17% between experiment and A

models (Picart and Discher, 1999), mean angles ranging
from 45° = 10° are not inconsistent with the data; clearly,

however, mean angles between 15° and 30° as predicted by CLFP / eageF2
the zero-temperature affine model (FigB} are not con- F2/F2

sistent with the data. If one thus assumes that there is a oty / edoeF
well-defined reorientation of the protofilaments in network R/ FL
deformation and then determines the average angle that is  edseF2/ edgeF:
most consistent with experiment, the resulting average of

FPM (this study)
Oconfocal-FPM

~45° is indistinguishable from the 45° average of an es- edgeFE/edgeF. =
sentially flat and random distribution, as shown in Fig3 3 Fo/ R Cou oD
D D
(Ieft) aF-/ CLF—‘ edge
FA/FA,
. . . oLFD / cLlFP
Comparison with FPM of band 3 in a resealed FA/FA

ghost pulled into a micropipette

For comparison to the FPM results with actin, the transFIGURE 9 Polarization ratios for EMA-band 3-labeled ghosts aspirated
membrane protein band 3 was labeled with EMA, andinto micropipettes. 4) Intensity ratios for points on the outer spherical
ghosts were imaged while being held in the micropipette Apegment of membrane. Ratios were averaged for like pairs of polarizers

. . six ghosts; averages SD). Confocal FPM results of Blackman et al.
least on undeformed cells, about one-third to two-thirds 0'%1995) (as estimated from Blackman'’s figure 5) are shown for comparison.

band 3 molecules are specifically linked to network spectring) intensity ratios at the midpoint of the aspirated projection, either at the
via ankyrin (Tsuji et al., 1988). These still rotate, but with a centerline (CL) or at the edge, are plotted adjacent to homologous ratios
time constant that is long compared with typical fluores-from the outer spherical segment of membrane.

cence lifetimes; the remaining band 3 is more freely diffus-

ing, although steric interactions with the subjacent networkogous ratioF2/F<. The same comparison for actin proto-
appear to decrease band 3 translational diffusivity. Deforfilaments (Fig. 8B) also showed the greatest difference in
mation of the underlying network in micropipette aspirationthese FPM ratios, with the mean for the ratio at point D
does not appear to greatly impede translational motions, dteing greater by 26%. As recognized by Axelrod (1979),
least, of band 3 (Discher and Mohandas, 1996). The resulfsowever, point A is out of focus, and a corrective increase
of Fig. 9 suggest that band 3 on the aspirated projectiofn the A-to-C ratio should be made in comparison with any
differs insignificantly in orientation compared to band 3 onin-focus values. Because the centerline and edge points at D
the outer unstrained contour of membrane. Figh $hows inside the~1.5-um-diameter micropipettes are both essen-
first, however, a good comparison between our results antlally within the plane of focus of the microscope objective
those reported in a confocal FPM study by Blackman et alused (e.g., Hiraoka et al., 1987), Axelrod’s estimated de-
(1996) of EMA-labeled ghosts. The only intensity ratio thatcrease of~25% of the in-focus value (theoretical or not)
differs significantly is that associated with point B. How- brings these CL-to-edge ratios, for both band 3 and actin,
ever, the intensities at this point can be difficult to quantitateinto excellent agreement with the homologous A-to-C ratios.
accurately, because the edge signal is lowest at point B. Finally, because the ratiQ o> /eagd ) (cagd [ /FY) =
Moreover, FPM by confocal microscopy would tend to be1.89+ 0.31 is within 17% of the homologous rafiy/Ff’ =

more signal limited. Regardless, the method-consisten?2.28 = 0.22, a random azimuthal orientation for band 3
comparisons in Fig. B between intensity ratios at the along the projection is once again indicated.

network deformed point D and the outer points, A, B, and C,
indicate no strong reorientation effect in micropipette aSPi)ISCUSSION
ration. The greatest difference appears, as with actin imag-

ing, in the centerline-to-edge intensity ratig_,FZ/edgg:Z, FPM applied to rhodamine-phalloidin-labeled actin proto-
which is, in comparing means, 27% more than the homolfilaments in micropipette aspiration indicates that protofila-
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ments everywhere tend to remain tangent to the bilayer.
This tangent orientation persists despite 1) spectrin-exerted

stresses at curved contours such as the hemispherical cap of

the projection, where the network is dilated; 2) large aniso-
tropic strains induced along the aspirated projection; and 3)
high network compression near the micropipette entrance.
This proves consistent with a strong multipoint interaction
between a protofilament and its associated protein 4.1 gly-
cophorin C linkages (Fig. B). Such a multipoint constraint
was previously concluded from FPM of actin in discocytic
and sphered red cell ghosts; the present study indicates
further that the relevant interactions are not extremely labile
under network stress.

Surprisingly, however, actin protofilaments that appear in
undeformed membranes to have random azimuthal angles
continue to exhibit random azimuthal orientations in very
large deformation of the spectrin network. This contrasts
with both the zero-temperature, affine deformation hypoth-
esis for filament reorientation (in the Theoretical Prelimi-
naries) and full, finite-temperature simulations of coarse-
grained spectrin network triangulations (Fig. 10); both
approaches lead one to expect that filaments reorient in the
direction of strongest spectrin stretch, which is parallel to
the micropipette axis. Moreover, predicted gradients in po-
larization ratios illustrated in Fig. 4 andD, as well as Fig.
10C, would certainly be within the range of detectability by
FPM for large values of the rotational elastic constant (i.e.,
K.ofksT ~ 5 to =). In experiments, these gradients would
lead, in particular, to measurable differences in polarization
ratios along the centerline at the points D and H, as well as
at least some dependence on aspirated projection length,
i.e., network deformation. Neither actin protofilaments nor
band 3, however, exhibits any difference in FPM ratios at
the points D and H, even when compared with the FPM
ratios from the relatively undeformed point A, where a
random azimuthal orientation is fully consistent with pre-
vious conclusions (Picart and Discher, 1999).

Persistent randomness could have at least two origins.
First, thermal fluctuations opposed by an effective torsional,
spring constanty,,, for the network, as shown in Fig. €,

rotates and extends might seem a logical intermixing of th({{
continuum view of the network (Evans and Skalak, 1980),,
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IGURE 10 Spectrin network simulations exhibiting strong reorienta-
ion of tethers in deformationA(andB) Images are projections of spectrin
tether components into th¥,-X; plane as calculated from statistical
andD, would tend to wash out any reorientation. A secondmechanical simulation of coarse-grained triangulated networks (per Dis-
possibility is that the deformation is in no simple way cher et al., 1998). Pixel size approximates the resolution limit of the
afflne; the presumptlon that actln rotates Whlle Spectrinmicroscope.Q) Intensity ratio prOfiles were calculated along the center-
ne, using either Eq. 2 or Eq. 7 in the text. The top curve, in the interval
= ZIR, = 6, should be compared with the finite-temperature affine
odel of Fig. 4C; the comparison suggests that the triangulated network

with a discrete assembly of cytoskeletal proteins. Howevergorresponds to a structure with,{/ksT) ~ 5 and 10. This is unlike

Fig. 11 clearly illustrates how protofilaments could end upexperiments illustrated by Figs. 5 and 6 and indicates, for actin, a more

counter-rotating in network extension rather than skewing©omplex but disordered nanoresponse in the network.

into the direction of maximum extension. The effective
elastic coupling constant between network stretch and pro-

tofilament orientation could thus be weak because Ofthe same order ds,,
(0}

quenched spin-glass-like frustration (e.g., Franzese, 2000y,

the coupling constant between rotation of a material fila-
ment and the external deformation would ordinarily be on

it can be shown that
Kot = 2mapul? (8)
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FIGURE 11 Monte Carlo simulations of four short and stiff actin protofilaments interconnected by flexible, multikinked spectrin chains. Aethe vert

of each spectrin kink is a spherical “domain” half the diameter of an actin partie#) An unstressed state, where chain tension balances against excluded
volume. Righ) Tension is applied to the network in the extended direction, while compression is applied in the contracted direction to achieve an average
state much like that in Fig. A.

whereq is a constant that characterizes filament coupling tafound that polarization imaging of the model protofila-
network shear,u is the two-dimensional network shear ments, by use of Eq. 2, leads to a signal that appears either
modulus, and. is the filament length. In the tight coupling random or else very close to random:

limit, « = 1. For weaker coupling of material filament

rotations to shear strains in the embedding netwerk; 1. F_/F_= 1.56+ 0.31(unstressed
Given ared cell shear modulus pf~ 0.005 pN/nm (Evans
and Skalak, 1980) and an actin protofilament lerigth 35 F_/F. = 1.69+ 0.39(stressej

nm, k../ksT ~ 10«a. Because all of the experimental results

(Figs. 7 and 8) suggest that the most realistic model curves . . .
in Fig. 4,C andD, correspond td /ksT = 1, we conclude Most importantly, the present set of simulations (Table 1)
thata.s’o 1 Thé implied loose cooupling is’ not uncommon SNows that, more than half the time, stressing the network

to other soft, biophysical systems: mechanical extension gf2ds 0 @ counter-rotation away from the average initial

myotubes in rigor will generate a predictable shear angl@ndle rather than an alignment in the spectrin-extended
of the myosin lever arm, but only a fraction of the direction. Thermal, rotational fluctuations are also tabu-

; PR 2 70 -1
expected rotation is measured in very thorough fluoreslated- With Egs. 6 and 8 indicatinghn®) ~ 7°«* and

cence polarization experiments (Y. Goldman, personaff@dle 1 “St'”9<_5772> ~ 44° (unstressed), 35° (stressed),
communication). thermal fluctuations alone indicate ~ 0.2.

The snapshots of Fig. 11 are taken from Monte Carlo
simulations in which each of four short actin protofilaments
is modeled as a st_iff trimer of_ beads_ cross—lin_ked togethe_r PYSONCLUSIONS
longer, more flexible spectrin chains. The isothermal-iso-
baric ensemble is essentially the same as that described Byre “vertical” linkage of actin to the overlying membrane is
Boey et al. (1998) (further details are given in the Appen-clearly strong. It is able to resist detachment forces that are
dix). Importantly, the spectrin-actin interconnections arenormal to the membrane as should arise, in particular, at the
fixed at the outset with exactly two spectrin chains per actirtip of a microprojection where large network dilation is
bead, summing to six spectrin chains per model protofilafound. Such results may be relevant and the methods useful
ment. The connectivity is otherwise random. Any initial to echinocytic red cells having many “spontaneously”
bead overlaps are annealed away by simulating with sofformed surface microprojections. However, in-plane elastic
repulsive interactions until no bead overlaps occur; hardeoupling between network shear and protofilament rotation
core sterics are implemented from that point on, and statiss weak. Both thermal fluctuations and nanoscale connec-
tics are developed for several different initial network con-tivity have a strong disordering influence, even in highly
nectivities. Using the above algorithm for initialization, it is extended networks.
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TABLE 1 Subset of ensemble-averaged simulation results for the orientations and reorientations of trimer filaments in spectrin-
actin connected configurations that are either unstressed or stressed in the z direction (Avg. = SD)

Spectrin- Filament 1 Filament 2 Filament 3 Filament 4
actin

connectivity n, (°) F_IF, n, (°) F_IF, n, (°) F_IF, n, (°) F_IF,
No. 1

Unstressed 2 62 1.29* 0.42 —-3*15 2.22+0.21 8+ 69 1.16*+ 0.30 —11+ 22 2.05x 0.35

Stressed —8* 59 1.30*=0.41 -6+ 23 2.04+ 0.33 11+ 65 1.20*+ 0.33 —-9+29 1.91+ 0.40
No. 2

Unstressed —26=* 15 1.86+ 0.36 40+ 45 1.27+ 0.37 6+ 16 2.21+0.23 —34=* 40 1.46=* 0.46

Stressed —22+28 1.78+ 0.45 —15+ 48 1.58*+ 0.53 35+ 24 1.65*+ 0.47 8+ 64 1.23*+ 0.39
No. 3

Unstressed 232 1.86* 0.42 35+ 31 1.55+ 0.48 26+ 28 1.73*+ 0.46 12+ 29 1.87+ 0.41

Stressed 11 36 1.85+ 0.49 26+ 63 1.16*+ 0.31 32+ 43 1.47+ 0.50 26+ 46 1.50*+ 0.49
APPENDIX Discher, D. E., and N. Mohandas. 1996. Kinematics of red cell aspiration

by fluorescence-imaged microdeformati@iophys. J.71:1680-1694.
Although a fuller account of the spectrin-actin network simulations will be Discher, D. E., N. Mohandas, and E. A. Evans. 1994. Molecular maps of
given elsewhere, we simply note here that the phase space statistics inred cell deformation: hidden elasticity and in situ connectiv@gience.
Table 1 are obtained from convergent simulations containing at least 3 ~ 266:1032-1035.
10° Monte Carlo steps. The spectrin chains consist of 10 beads of diametd?ischer, D. E., R. Winardi, P. O. Schischmanoff, M. Parra, J. G. Conboy,
d tethered together: the actin beads are twice the diameter of spectrin beads,@nd N. Mohandas. 1995. Mechanochemistry of protein 4.1's spectrin-
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