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ABSTRACT We have examined fragments of the filamentous network underlying the human 
erythrocyte membrane by high-resolution electron microscopy. Networks were released from 
ghosts by extraction with Triton X-100, freed of extraneous proteins in 1.5 M NaCI, and 
collected by centrifugation onto a sucrose cushion. These preparations contained primarily 
protein bands 1 + 2 (spectrin), band 4.1, and band 5 (actin). The networks were partially 
disassembled by incubation at 37°C in 2 mM NaP. (pH 7), which caused the preferential 
dissociation of spectrin tetramers to dimers. The fragments so generated were fractionated by 
gel filtration chromatography and visualized by negative staining with uranyl acetate on 
fenestrated carbon films. Unit complexes, which sedimented at ~40S, contained linear 
filaments ~7-8 nm diam from which several slender and convoluted filaments projected. The 
linear filaments had a mean length of 52 + 17 nm and a serrated profile reminiscent of F- 
actin. They could be decorated in an arrowhead pattern with $1 fragments of muscle heavy 
meromyosin which, incidentally, displaced the convoluted filaments. Furthermore, the linear 
filaments nucleated the polymerization of rabbit muscle G-actin, predominantly but not 
exclusively from the fast-growing ends. On this basis, we have identified the linear filaments 
as F-actin; we infer that the convoluted filaments are spectrin. Spectrin molecules were usually 
attached to actin filaments in clusters that showed a preference for the ends of the F-actin. 
We also observed free globules up to 15 nm diam, usually associated with three spectrin 
molecules, which also nucleated actin polymerization; these may be simple junctional com- 
plexes of spectrin, actin, and band 4.1. In larger ensembles, spectrin tetramers linked actin 
filaments and/or globules into irregular arrays. Intact networks were an elaboration of the basic 
pattern manifested by the fragments. Thus, we have provided ultrastructural evidence that 
the submembrane skeleton is organized, as widely inferred from less direct information, into 
short actin filaments linked by multiple tetramers of spectrin clustered at sites of association 
with band 4.1. 

The cytoplasmic surface of the human erythrocyte membrane 
is covered by a network of filamentous proteins, which re- 
mains intact after isolation in Triton X-100 (1-3). This net- 
work is durable, flexible, and elastic. It recovers the overall, 
long-term shape of the parent membrane after short-term 
deformations and stabilizes the membrane against breakdown 
by shear stress (4-7). Unlike the cytoskeletons of nucleated 
cells, this skeleton is a two-dimensional net, closely adherent 
to the membrane (2, 8). A variety of  electron microscopic 
studies of  the intact skeleton have revealed an irregular fila- 
mentous network with polygonal interstices 20-100 nm diam 
(2, 9-12). 

The proteins essential to the integrity of  the skeleton are 
bands 1 plus 2 (spectrin), band 4.1, and band 5 (actin) (3). It 
is thought that most of  the spectrin exists in situ as ~200-nm- 
long, thin, and flexible filaments in the form of (a fl)2 tetra- 
mers (13-16). The actin appears to be associated into homo- 
oligomers or protofilaments capable of  nucleating the polym- 
erization of rabbit muscle G-actin ( 11, 17-.21). Spectrin tetra- 
mers have been shown to bind to and link rabbit muscle actin 
filaments in reconstituted systems (18, 22, 23). Such com- 
plexes are stabilized by the presence of band 4.1 (18, 24, 25), 
which associates in vitro near the ends of  spectrin tetramers 
(26). The skeleton is linked to the membrane proper both by 
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a second association of band 4.1, perhaps with an integral 
glycoprotein (27), and by the association of band 2.1 with 
both spectrin and band 3, the anion transporter (14, 28, 29). 
Spectrin, actin, band 2. l, and band 4.1 have also been detected 
in cytoskeleton-plasma membrane complexes in various nu- 
cleated cells (30). 

Although numerous biochemical, biophysical, and ultra- 
structural studies over the past decade have created a broad 
consensus concerning the organization of this skeleton (see, 
for recent review, references 14, 15, and 28-33), direct visu- 
alization of its molecular architecture has been lacking. It was 
the goal of the present research to extend the structural 
analysis of the red cell skeleton by negatively staining its 
fragments on fenestrated carbon films. 

An abstract describing this work has been published (34). 

MATERIALS AND METHODS 

Materials: Rat liver ribosomes and their large and small subunits, 
prepared (35) and generously provided by Dr. Ira G. Wool and Dr. Alan Lin, 
were used as sedimentation standards. Rabbit muscle F-actin, prepared accord- 
ing to Spudieh and Watt (36), and the A1 isozyme of rabbit muscle S1 heavy 
meromyosin, purified chromatographically (37), were the generous gifts of Dr. 
Edwin W. Taylor and Dr. Steven Rosenfeld (University of Chicago). All 
chemicals and reagents were of analytical grade or better. 

Membranes: All procedures were performed at 0-50C, unless specified. 
Human erythrocytes were obtained from normal donors either fresh in Na4 
EDTA or, more frequently, from outdated units purchased from United Blood 
Services (Chicago, IL). The age and source of the blood had no apparent effect 
on our results. Ghost membranes were prepared as previously described (38) 
and were utilized the same day. 

Skeletons: Freshly prepared ghosts (2 ml) were incubated on ice for l 
h in 8 ml of 5 mM NaP~ (oH 7) containing 2.5% (wt/vol) Triton X-100 (1). 
Although skeletons are labile in warm buffers of low ionic strength, they are 
stable at 0°C for many hours under the conditions described (5). The mixture 
was layered on top of a discontinuous density gradient of 10, 35, and 60% (wt/ 
vol) sucrose in 1.5 M NaCI-5 mM NaPi (pH 7) (3). The gradients were 
centrifuged at 14,000 rpm for 30 min in a Sorvall HB-4 rotor (DuPont 
Instruments, Sorvall Biomedical Div., Newtown, CT). The intact skeletons 
were collected from the 35%/60% sucrose boundary. 

Preparation of Fragments: Skeletons were dialyzed against 2 mM 
NaP~ (pH 7) containing 0.5 mM dithiothreitol and concentrated by vacuum 
dialysis to -2.0 mg/ml protein. Breakdown was induced by incubation at 37°C 
for various intervals (5), during which aliquots were taken and stored on ice. 
Approximately 8-10 mg of fragment protein was resolved by gel filtration 
chromatography on Fractogel TSK-HW75 (EM Science, Gibbstown, NJ) in 2 
mM NaP~ (pH 7)-0.5 mM dithiothreitol in a 2.6 x 100 cm column in a cold 
room at a flow rate of 40 ml/h. The effluent was monitored at 280 nm and 
collected in 6.5-ml fractions. Selected fractions were concentrated by vacuum 
dialysis in a cold room for electrophoresis and electron microscopy. The column 
fractions were stable with respect to their electrophoretic pattern and ultrastruc- 
ture both before and after concentration over a period of at least 2 wk when 
stored on ice in the column buffer. Protease activity present in the input ghosts 
and networks was absent from the column fractions. 

Electrophoresis under nondenaturing conditions was carried out as in the 
work of Liu and Palek (4) on 0.8% agarose (Sigma Chemical Co., St. Louis, 
MO, type l, low electroendosmosis) slab gels at 40C in 50 mM Tris-glycine (pH 
8.3 at 20°C) at 200 V and 15 mA for 3 h in a cold room. SDS PAGE was as 
described (38, 39) except that 50 mM NaP~ (pH 7.3) was the electrophoresis 
buffer, and the concentration of detergent was 0.1%. 

Elongation of skeleton fragments was performed with monomeric G-actin 
generated by dialysis of rabbit muscle F-actin for 24 h in the cold room against 
a depolymerization buffer 2 mM Tris.HCl (pH 8.0), l mM dithiothreltol, 1 
mM NaNs, 0.2 mM ATP, and 0.1 mM CaCl2, followed by centrifugation at 
100,000 g for 2 h to remove residual F-actin and denatured protein. The 
absence of F-actin in the solution of G-actin was demonstrated by electron 
microscopy of negatively stained specimens. 

Decoration of skeleton fragments and rabbit muscle F-actin was carried out 
with the S l subunit of rabbit muscle heavy meromyosin according to the 
method of Moore et al. (40). Droplets of fragment suspensions were applied to 
fenestrated carbon films, the grids rinsed free of unadsorbed material with 0.6 
M KCI, and single droplets of S1 fragments (0.1-0.35 mg/ml in 2 mM Tris. 

Cl, pH 8.0) applied. After 15 s at 0°C, the films were rinsed with ice-cold 
cytochrome c (0.2 mg/ml) in a 0. 1% amyl alcohol solution, and the specimens 
examined by electron microscopy after negative staining. 

Preparation of Specimens for Electron Microscopy: Fen- 
estrated carbon films were prepared on copper grids as described (41). Single 
droplets of unfixed samples were allowed to adsorb to the film for l min on ice 
and the excess drawn into filter paper. The grid was then rinsed and exposed 
to three successive drops of an unbuffered 1% uranyl acetate solution which 
remained on the grid for 30 s before being drawn off. Grids were dried in room 
air. Glutaraldehyde-fixed specimens had a different appearance which will be 
described in a separate publication. Further details are provided in the individ- 
ual figure legends. 

Electron Microscopy: Specimens were studied in a Philips EM300 
electron microscope fitted with condenser and objective apertures of 200 and 
50 #m, respectively (Philips Electronic Instruments, Inc., Mahwah, N J). The 
acceleration voltage was 80 kV. Microscope magnifications were calibrated 
with a Fullam crossed-lined grating replica (Ernest F. Fullam, Inc., Schenectady, 
NY). Magnifications were set after the microscope was brought to top operating 
magnification to minimize variance due to hysteresis of the imaging lenses. 
Images were recorded on Kodak electron image films and developed with full- 
strength Kodak D-19 developer for 5 min (Eastman Kodak Co., Rochester, 
NY). 

The lengths of filaments were measured directly on enlarged prints with a 
ruler. The error of the individual measurements was never >l ram, which 
corresponded to 5 nm of filament length. 

RESULTS 

Skeletons were prepared by extracting ghosts in Triton X-100 
at low ionic strength (1) and then removing nonessential 
proteins and lipids by centrifugation through a sucrose barrier 
containing 1.5 M NaCl. As previously observed (3), the essen- 
tial skeleton was composed primarily of the polypeptide bands 
l, 2, 4. l, and 5 (Fig. l, compare gels a and b). Trace amounts 
of band 4.9 and other minor proteins were also present but 
will not be discussed further. 

As noted previously (1-3, 12), electron microscopy of neg- 
atively stained preparations revealed a filamentous network 
resembling the parent membrane in overall size and shape. 
There exist two limitations on the visualization of molecular 
details in such preparations: (a) the background introduced 
by the underlying carbon film and the thick layer of stain 
surrounding high local concentrations of proteins; and (b) the 
complexity of the network itself, compounded by the double 
layer of filaments in the collapsed structure. To overcome the 
former problem, we used fenestrated carbon films (41) so that 
the skeleton could be examined without interference from the 
underlying support. This type of preparation had the added 
advantage of generally producing a thin and relatively uni- 
form layer of stain. To deal with the latter problem, we 
induced breakdown of the skeleton into fragments of con- 
venient size. 

Fragments of the Skeleton 

Isolated skeletons broke down in a reproducible fashion 
when exposed to low ionic strength buffer at elevated temper- 
ature (5). Breakdown was primarily caused by the dissociation 
of spectrin tetramers to dimers (4, 42, 43); however, as shown 
below, some release of free spectrin, actin, and band 4. l also 
occurred. Gel filtration chromatography of such preparations 
on columns of highly porous beads revealed four major peaks 
(Fig. 2). The ultraviolet absorbance profile shifted from larger 
to smaller fragments during the first hour but did not change 
much further during overnight incubation. 

Each peak was analyzed by electron microscopy and gel 
electrophoresis under native (not shown) and denaturing con- 
ditions. Peak I was turbid and contained little protein (Fig. l, 
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gel c); it was shown to be rich in lipid vesicles. Peak II 
contained primarily bands l, 2, 4.1, and 5 (Fig. l, gel d). 
Most of this material either did not enter or migrated very 
slowly on 0.8% agarose gels without denaturation, suggesting 
complexes substantially larger than spectrin tetramers (which 
have a molecular weight of ~ 106). Peak II material sedimented 
at ~40S-100S upon rate zonal centrifugation on sucrose 

FIGURE 1 Electrophoretic profile of the polypeptides of ghosts, 
skeletons, and chromatographic fractions. Skeletons were prepared 
from purified ghosts and incubated for 30 min at 37°C in 2 mM 
NaP~ (pH 7.0) and the fragments were chromatographed (see Fig. 
2). Peak fractions were concentrated for electron microscopy (see 
Fig. 3) and gel electrophoresis in SDS. (a) Intact ghosts; (b) intact 
skeletons; (c) peak I, fraction 31; (d) peak II, fraction 37; (e) peak 
III, fraction 47; (f) peak IV, fraction 52. 

gradients. Peak III was rich in both complexed and uncom- 
plexed spectrin but contained bands 4. l and 5 as well (Fig. l, 
gel e). Peak IV contained both spectrin and actin but was 
enriched in the latter compared to the input (Fig. 1, gel J). 
The spectrin appeared to be in the form of dimers by both 
electron microscopy and nondenaturing gel electrophoresis. 
No actin filaments were observed in peak IV material. 

Microscopically, the predominant forms in peak II were 
linear filaments with a thickness of ~7-8 nm to which mul- 
tiple, thin, convoluted filaments were attached (Fig. 3). The 
more excluded fractions contained the largest complexes. 
These structures remained stable (after the initial breakdown) 
during overnight incubation at 37°C. The linear filaments had 
a serrated profile, suggesting a helical structure. The data 
presented below establish that the linear filaments are actin 
and the thin, convoluted filaments spectrin. 

The spectrin filaments were usually clustered at intervals 
along and at both ends of the actin filaments (Fig. 3), sug- 
gesting discrete, polyvalent attachment sites or cooperative 
rather than random binding. Thickening of the linear fila- 
ments was sometimes observed at these junctions. Most of 
the spectrin molecules in peak II were attached by one end to 
an actin filament, presumably because they had been disso- 
ciated to monovalent dimers during the 10w ionic strength 
incubation (41, 42). However, in material from the more 
excluded fractions of the elution profile, two or more actin 
filaments were often linked by one or more spectrin filament 
(Fig. 3, lower panels). 

The length of the actin filaments in peak II fragments is 
plotted in Fig. 4. After recording the data, we reexamined the 
longest structures (i.e., >100 nm) and concluded that they 
were probably composed of two or three short actin filaments 
linked by spectrin. By neglecting the longest 17 out of 445 
structures, we found that their size distribution was nearly 
Gaussian; that is, unimodal with similar values for the mean 
(52 nm), median (51 nm), and mode (51 nm). The standard 
deviation of the mean was 17 nm. As suggested by the fit of 
the data to a Gaussian curve (Fig. 4), we may have under- 
counted the shortest filaments (<20 nm), both because their 
identification was difficult and because they may have mi- 
grated in peak III rather than peak II. 

Peak III contained free spectrin as well as circular figures 
(globules or disks) up to 15 nm diam, often associated with 
three spectrin filaments (Fig. 5). The arrangement of spectrin 
around the globules sometimes resembled triskelions, a form 
characteristic of clathrin (44) and also recently noted in 
fragments of the erythrocyte skeleton (45). 

FIGURE 2 Chromatographic profile of skeleton frag- 
ments. Skeletons from 8 ml of ghosts were incubated in 
2 mM NaP~ (pH 7.0) for either 30 min (solid line) or 45 
min (dashed line). Approximately 8 mg of protein in 5 
ml was chromatographed on a Fractogel column (see 
Materials and Methods) and optical absorbance was 
monitored at 280 nm. 
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FIGURE 3 Peak II fragments. Fractions 36-38 from the 30-rain sample in Fig. 2 were pooled, concentrated, and prepared for 
electron microscopy as described in Materials and Methods. The fragments were typically linear filaments, which we assumed to 
be actin, to which several convoluted filaments, which we assumed to be spectrin, were associated in clusters. Note the thickening 
of some of the junctions of spectrin and actin and the tendency of these junctions to occur at the ends of the actin filaments. 
Note also that the lower set of panels contained multiple protofilaments of actin linked by spectrin. Bar, 50 nm. 
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The length of spectrin filaments in peaks II and III was 
difficult to determine because of their convoluted contour, 
overlapping pattern, and nonuniform staining. Many could 
not be traced for >10-20 nm. Conceivably, they are serpen- 
tine and may be only partially embedded in the very thin 
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FIGUR[ 4 Length of actin filaments. Specimens from the peak II 
region of several experiments comparable to that shown in Figs. 1 - 
3 were photographed and the length of the 7-8-nm-diam linear 
filaments was measured. The solid line represents a Gaussian curve 
calculated from the measured mean and standard deviation of the 
data for filaments <100 nm long. 

layer of stain (cf. reference 46). In addition, we consider that 
breakage of spectrin molecules may have occurred under the 
conditions used for their visualization. A similar observation 
has been made with rotary shadowing (23). The stoichiometry 
ofspectrin on actin filaments was likewise difficult to ascertain 
and might be underestimated, in any case, given the partial 
release of spectrin from the complexes. 

Identification of Actin Protofilaments 
The thickness, linearity, and helical substructure of the 

linear filaments suggested that they were oligomers of actin. 
Two tests of this premise were performed. First, an excess of 
monomeric rabbit muscle G-actin was incubated with mate- 
rial from peak II under conditions, which did not allow 
nucleation of F-actin in control experiments lacking network 
fragments. As illustrated in Fig. 6, essentially all of the linear 
filaments in the fragments became indefinitely extended (i.e., 
micrometers in length) through the accretion of G-actin. It is 
important to note that the associated spectrin was usually 
clustered at or near one end of the actin filaments (panels a 
and b). This disposition makes it clear that the skeleton 
fragments remained stable and were able to nucleate polym- 
erization. Only one end of the protofilaments was significantly 
extended by exogenous G-actin; the other end was either not 
demonstrably elongated or was extended <50 nm from the 
spectrin complex (i.e. <5 % of the rapidly growing end). When 
we used a high ratio of fragments to G-actin, spectrin clusters 
were also observed in the middle of the filaments, presumably 
reflecting polymerization and annealing at both ends of red 
cell actin oligomers (47). 

FIGURE 5 Peak Ill frag~ 
merits. Skeletons from 8 ml 
of ghosts were incubated in 
2 mM NaP~ (pH 7.0) for 3 h. 
Approximately 5.5 mg of 
protein in 4 ml was chromat- 
ographed as in Fig. 2. Frac- 
tion 47 was concentrated 
and prepared for electron 
microscopy as described in 
Materials and Methods. 
These fragments were typi- 
cally globules or disks up to 
15 nm diam either free or 
associated with up to three 
spectrin molecules, often ar- 
ranged as triskelions. Bar, 50 
rim. 
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FIGURE 6 Elongation of peak II fragments with G-actin. Preparations of peak II fragments in 200 #1 were brought to ~50 mM 
NaCI-3 mM NaPi (pH 7) and incubated with 20/LI of G-actin (prepared in the depolymerization buffer described in Materials and 
Methods) for 10 min at room temperature. (a and b) The incubation mixture contained ~30 p.g/ml of peak II protein and 66/~g/ 
ml of G-actin; (c and d) the incubation mixture contained ~104 /~g/ml of peak II protein and 64 /~g/ml of G-actin (final 
concentrations). The reactions were stopped by the addition of an equal volume of ice-cold buffer (0.15 M NaCI-5 mM NaP~, 
pH 7). The specimens were examined by electron microscopy as described in Materials and Methods. Control experiments 
lacking peak II fragments but containing G-actin at twice the concentration stated above showed no actin polymerization. Bar, 
50 nm. 
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The globules obtained from peak Ill also nucleated the 
polymerization of rabbit muscle G-actin (Fig. 7). Sometimes 
elongation propagated in both directions, but one end always 
greatly predominated. Free spectrin molecules present in these 
preparations occasionally adhered to the actin filaments, as 
previously observed in reconstituted systems (18, 22, 23). 

A second test for actin oligomers was to decorate skeleton 
fragments with the S I fragment of hea~3~ meromyosin (40). 
The long structure in the top panel of Fig. 8 shows, for 
reference, a filament of rabbit muscle actin decorated in this 
fashion to reveal the diagnostic repeating arrowhead pattern. 
Fragments from red cell skeletons showed comparable deco- 
ration (Fig. 8, lower panel). Note that, under the conditions 
ofthis experiment, the SI fragments completely displaced the 
spectrin filaments that were present in the untreated fragments 
(as in Fig. 3). 

The accretion of G-actin on S 1-decorated muscle F-actin is 
more rapid at the barbed than pointed end of the arrowhead 
pattern (40, 48). We tested whether red cell actin shared this 
property. Fragments of the network were first elongated by 
the addition of a small amount of monomeric actin and then 
decorated with the S I portion of heavy meromyosin. The 
bound spectrin served as a marker for the locus of the red cell 
actin in the extended F-actin. Although the S I fragments 
caused some displacement of spectrin, we observed that the 
arrowhead pattern pointed invariably to the end of the actin 
filaments which bore the residual spectrin (Fig. 9). Thus, 
accretion of globular actin occurred predominantly at the 
barbed ends of the red cell actin oligomers just as in the case 
of muscle actin. 

FIGURE 7 Elongation of peak III fragments with G-actin. Prepara- 
tions of peak III fragments in 200/~1 were brought to -50 mM NaCI- 
3 mM NaP~ (pH 7) and incubated with 25 #1 of G-actin (prepared 
in the depolymerizing buffer described in Materials and Methods) 
for 10 min at room temperature. The final concentrations of peak 
III protein and G-actin in the incubation mixture were 44 and 78 
~g/ml, respectively. The reaction was stopped by the addition of 
an equal volume of ice-cold buffer (0.15 M NaCi-5 mM NaP~, pH 
7). The specimens were examined by electron microscopy as de- 
scribed in Materials and Methods. Control experiments lacking peak 
III fragments but containing G-actin at twice the concentration 
stated above showed no actin polymerization. Bar, 50 nm. 

Unfragmented Skeletons 
We extended our study to the fine structure of the unfrag- 

merited skeleton, which was spread on fenestrated carbon 
films. Intact skeletons were difficult to study because the 
double layer of filaments was so dense. We found that the 
upper layer of the skeleton could be stripped away from the 
layer adherent to the carbon film by repeated washing with 
deionized water or unbuffered 1% uranyl acetate (but not 
with saline). Some elements in the adherent portion of the 
skeleton were also extracted in this procedure, but most of 
the structure remained intact and well resolved after this 
clearing step. (We noted that the water and uranyl acetate 
extraction was effective only in the fenestrated regions of the 
grid. Elements of both layers of the skeleton in direct contact 
with the carbon film were not removed, presumably because 
of their strong adsorption to the support, as is also the case 
on unfenestrated films.) Interpretation of the structure of the 
network was also made difficult by the inherent complexity 
of the reticular pattern. For example, it was not always 
possible to distinguish sites of filament association from over- 
lapping structures or to distinguish clusters of spectrin from 
actin filaments. 

Two micrographs representing extremes of variation ob- 
served in our preparations are presented in Fig. 10. These 
images resemble earlier results with negative staining (11, 12); 
however, our study seems to have benefited greatly from the 
use of fenestrated supports. The skeletons appeared to be an 
elaboration of the basic pattern of the fragments. That is, 
linear filaments of actin as well as globules of up to 15 nm in 
diam were linked by multiple filaments of spectrin. Spectrin 
filaments often appeared to arise in clusters from sites distrib- 
uted irregularly along the actin filaments. Sometimes, spectrin 
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FIGURE 8 Decoration of peak II fragments. Preparations of rabbit muscle F-actin (1 mg/ml; top) and peak II fragments (30 #g/ml; 
bottom) were applied to fenestrated carbon films and decorated with $1 fragments of heavy meromyosin (350/zgJml) as described 
in Materials and Methods. Bar, 50 nm. 

molecules ran in parallel array between neighboring actin 
protofilaments. The spectrin was more elongated and less 
convoluted in the skeletons than the isolated fragments, pre- 
sumably a manifestation of both the spreading forces created 
by the adherence of the networks to the carbon film and the 
two-point attachment of spectrin tetramers to actin filaments. 
Some spectrin filaments measured -200 nm, the length of 
the isolated spectrin tetramer (13). The length of the actin 
filaments corresponded to those in the fragments. Actin pro- 
tofilaments could be elongated in situ by the addition of G- 
actin (not shown). 

Some areas of the skeleton took the form of patches of 
dense reticulum too complex for analysis (Fig. 10a). These 
could arise from a high degree of connectivity and interweav- 
ing among a limited number of spectrin and actin filaments. 
Presumably, breaking some connections would turn these 
tightly woven mats into more extended arrays. 

DISCUSSION 

We have induced the fragmentation of isolated red cell mem- 
brane skeletons, separated the fragments according to size and 
analyzed their structure by electron microscopy. In discussing 
our results, we have adopted the following terms, illustrated 
in Fig. 11. The basic skeleton, which contains only those 
proteins essential to its integrity, is an irregular two-dimen- 
sional reticulum compounded of spectrin, actin, and band 
4.1. We shall call the structures remaining when all spectrin 

molecules are reduced to dimers and no other bonds are 
broken unit complexes (akin to the "unit cells" of Cohen; 
[32]). Junctions are the linkage sites of spectrin, actin, and 
band 4.1 (11). There are also regions of uncomplexed F-actin. 

Breakdown of the skeleton at low ionic strength (typically, 
= 0.001-0.010) appears to occur at three loci: between 

spectrin dimers, between actin monomers, and at the junction 
of spectrin, actin, and band 4.1 (see Fig. 11). Spectrin tetra- 
mers dissociate to dimers within minutes in low ionic strength 
buffer at 37"C (4, 17, 42, 43). The junctions are also quite 
labile under these conditions in ghosts but, for unknown 
reasons, are rather stable when isolated in Triton X-100 (5). 
Unit complexes were generated by warming isolated skeletons 
at low ionic strength, thus preserving junctions while disso- 
ciating most spectrin tetramers to dimers. Those spectrin 
tetramers that remained demonstrated the ensemble structure 
of the network. The presence of dissociated spectrin and actin 
in peaks III and IV indicated, however, that some breakdown 
of junctions also occurred during the incubation. Neverthe- 
less, the similarity of the organization of the isolated com- 
plexes and the intact skeletons suggests that the fundamental 
pattern of associations was not altered by fragmentation. We 
are currently evaluating the ultrastructure of the skeleton 
maintained exclusively in physiologic buffers. 

Incubation of ghosts at low ionic strength in the absence of 
detergent has also been found to liberate high molecular 
weight complexes of spectrin, actin and band 4.1 (4, 17, 18, 
24, 42). Those complexes may correspond to our fragments. 
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FIGURE 9 A test of the polarity of peak II fragment protofilaments. Preparations of peak II fragments were elongated as part of 
the experiment shown in Fig. 6, c and d, applied to fenestrated carbon films, and decorated with $1 fragments of heavy 
meromyosin (350 g.g/ml) as described in Materials and Methods. The rapidly growing end of the erythrocyte actin was invariably 
barbed. Bar, 50 nm. 

However, their solubilization required the dissociation of 
band 4.1 from the membrane, to which it is usually firmly 
bound at low ionic strength (38). Furthermore, the high 
molecular weight complexes comprised a small and variable 
fraction of those extracts and may not have been representa- 
tive of the whole. It seemed to us, therefore, that fragments 
generated from skeletons isolated in Triton X-100 were more 
likely to reveal native organization than the complexes ob- 
tained directly from ghosts. 

The fragments generated in our study included the follow- 
ing: free spectrin dimers and tetramers, G-actin, and band 
4.1; free globules bearing up to three dimers of spectrin; actin 
filaments associated with spectrin dimers; globules and pro- 
tofilaments linked by one or more spectrin tetramers; and 
larger complexes built upon these units. We did not observe 
either large spectrin oligomers lacking actin (45, 49) or actin 
bundles (50). It is unlikely that our experiments induced 
unphysiologic associations, since (a) the low ionic strength 
buffers we employed are known to promote only dissociation 
ofspectrin, actin, and band 4.1 ensembles; (b) free monomeric 
units of spectrin, actin, and band 4.1 were generated rather 
than consumed during the incubations, suggesting progress 
toward a dissociated equilibrium state rather than association; 
(c) the unfragmented skeletons were discrete bodies of the 
approximately size and shape of the parent membrane s rather 
than aggregates or precipitates expected from associations 
induced in vitro; and (d) the ultrastructure of the fragments 
was entirely consistent with that in the unfragmented skele- 
tons. 

Although there is now substantial evidence for oligomeric 
actin in the erythrocyte membrane (17-21), this study pre- 

sents the first visual demonstration of F-actin within the 
native skeleton. Our estimate of the number-average actin 
filament length, 52 nm, corresponds to 19 protomers of actin, 
assuming 2.73 nm per actin (51). This value is at the upper 
end of the range determined by cytochalasin binding: 10-18 
actin protomers (17, 19, 21) suggesting an average filament 
length of 27-50 nm. The smallest oligomers may have been 
undercounted in our study, particularly because we did not 
include the free 15-nm globules, which could contain poly- 
mers of up to six actin monomers. Despite the agreement 
between our estimate of actin size and that inferred from the 
binding of cytochalasin, our buffer conditions could have 
promoted the erosion of unprotected actin from the ends of 
the protofilaments. We are currently examining preparations 
protected against such breakdown. Atkinson et al. (20) have 
purified F-actin from ghosts extracted at low ionic strength in 
the presence of phalloidin by digesting away spectrin and 
band 4.1. The filaments they observed were quite long and 
their distribution skewed to the right; the longest filaments 
were 900 nm, the mean was 212 nm, the median was 146 
nm, and the mode was 90 nm. Phalloidin may not merely 
have stabilized F-actin but may have induced the growth of 
long filaments at the expense of the short filaments and G- 
actin present in those extracts (52). 

Our experiments demonstrate that erythrocyte actin in both 
the protofilaments and the globules is capable of extension 
from both ends. As is true of muscle F-actin, the barbed end 
of S 1-decorated erythrocyte actin grew much faster than the 
pointed end. Our results differ from those of Pinder and 
Gratzer (21), who previously concluded that the pointed end 
is completely blocked because cytochalasin E abolished the 
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FIGURE |0  The unfragmented skeleton. Skeletons from two different preparations were dialyzed against 2 mM NaP~ (pH 7)-0.5 
mM dithiothreitol  applied to fenestrated films at a concentration of ~350/~g protein/ml, and stained as described in Materials 
and Methods. Bar, 50 nm. 
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FIGURE 11 A schematic diagram of the human erythrocyte mem- 
brane skeleton. This diagram is intended to illustrate the following 
working hypothesis: the network is built of actin protofilaments 
linked by spectrin tetramers. Oligomers of band 4.1 stabilize the 
association of spectrin and actin in clusters called junctional com- 
plexes. Some actin protofilaments are short (perhaps three to six 
monomers) and do not extend beyond the globula r junctional 
complex (as in box A). Other junctional complexes reside at the 
ends of and within longer actin protofilaments (as in box B). Unit 
complexes (e.g., those circumscribed by boxes A and B) can be 
liberated by warming isolated skeletons at low ionic strength which 
dissociates spectrin tetramers to dimers. Unit complexes may re- 
main coupled to a varying extent through residual bivalent tetramers 
of spectrin. 

uptake of fluorescently labeled rabbit muscle G-actin in their 
ghost preparations. Likewise, Cohen and Branton (53) found 
that the polymerizing ofactin on inside-out erythrocyte mem- 
brane vesicles generated filaments whose pointed ends faced 
the membrane exclusively. It could be that our isolates have 
been partially depleted of a factor which normally inhibits 
growth at the pointed end, as suggested (21). Alternatively, 
the conditions used here may have allowed bidirectional 
growth. Specifically, the experiments of Pinder and Gratzer 
(21) employed G-actin below its critical concentration for 
accretion at the slow (pointed) ends of F-actin (54, 55). 
Because growth at the pointed ends of F-actin can sometimes 
be negligible even at G-actin levels exceeding the critical 
concentration (48), the absence of polymerization at that end 
may not be impelling evidence for a blocking protein. Finally, 
independent evidence for our hypothesis that erythrocyte 
membrane actin is free to polymerize at both ends has just 
been published (56). 

The globules shown in Fig. 5 appear to be junctional 
complexes in three respects: (a) They bind spectrin. (b) They 
nucleate the polymerization of G-actin (Fig. 7). (c) They bear 
a resemblance to the globular masses created by Cohen et al. 
(23) from dimeric spectrin, band 4.1, and rabbit muscle G- 
actin. Since similar globules and nodes have been observed 
in intact skeletons in Fig. 10 and by others (2, 11, 12), there 
is reason to consider them physiologic and not artifactual. 
However, an undetermined number of free globules may have 
been released from actin protofilaments that disintegrated in 
low ionic strength buffer. 

Although not directly visualized, it is quite likely that band 
4.1 is present in the junctions of spectrin and actin seen in 
Figs. 3, 4, and 10. The clustering of spectrin filaments at 
intervals along the actin protofilament may therefore be at- 
tributable to polyvalent complexes of band 4.1 molecules (see 
also reference 21), given the evidence for oligmerization of 
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purified band 4.1 (26, 57). Similar clusters of spectrin on actin 
filaments were observed by Cohen et al. (23) when the purified 
proteins were recombined in the presence of band 4.1. As in 
our fragments, free junctions were globular whereas junctions 
incorporated into F-actin were, at best, only slightly thickened 
(23). 

The actin protofilaments in Fig. 3 might have been stabi- 
lized against erosion by junctional complexes at their ends, 
since neither phalloidin, Mg ÷+, nor ATP was required for 
their preservation even during prolonged incubation at 370C 
in low ionic strength buffer. Our data thus support the hy- 
pothesis that the failure of human erythrocyte F-actin to 
depolymerize significantly upon equilibration of complexes 
at high dilution (11, 21), at low ionic strength (57), or in the 
presence of deoxyribonuclease I (11, 21, 58) reflects its se- 
questration both within and between junctional complexes 
(see also reference 19). However, the ability of junctional 
complexes to inhibit depolymerization of the actin protofila- 
ments in vitro clearly does not prevent their elongation. 

While junctional complexes may stabilize the actin fila- 
ments and confer a minimal length of 15 nm, there is no 
evidence that they impose a unit length. Rather, the observed 
Gaussian distribution of actin filament lengths suggests that 
the junctions are randomly incorporated into actin filaments. 
Uncomplexed F-actin could become sequestered between 
junctional complexes during erythrocyte maturation and 
thereafter prevented from depolymerizing except after rupture 
of the actin filament. It remains to be established, however, 
whether junctional complexes have a preference for the very 
ends of actin filaments in vivo or whether this pattern is a 
consequence of actin erosion at low ionic strength in vitro. 

Tropomyosin recently has been identified in human eryth- 
rocytes prepared in the presence of magnesium (59). Tropo- 
myosin from muscle and nonmuscle cells typically binds to 
F-aetin with periodicities of 38.5 nm and 33-34 nm, respec- 
tively (60, 61). This suggests that pairs of tropomyosin mole- 
cules in register could span 12-14 monomers of actin in the 
erythrocyte. If actin protofilaments of this size were capped 
at each end by complexes of spectrin and band 4.1 unit 
lengths of the size observed here (19 actin monomers) might 
be generated. The broad Gaussian distribution demonstrated 
in Fig. 4 could reflect disproportionation of actin monomers 
following the loss of tropomyosin and destabilization of spec- 
trin-band 4.1 complexes during the isolation of the skeletons. 
Since tropomyosin appears to compete with spectrin for as- 
sociation with F-actin (62), our observation of spectrin bind- 
ing along the length of actin protofilaments could similarly 
reflect rearrangements following isolation. We are currently 
evaluating these hypothesis by measuring the size of actin 
protofilaments and the pattern of spectrin binding to actin in 
skeletons from which the tropomyosin has not been removed. 

Our results bear on the stoichiometry of the proteins within 
unit complexes. Overall, the membrane contains approxi- 
mately one spectrin dimer and one band 4.1 for every 2.5 
actin monomers (21). Ifa spectrin-band 4.1 complex required 
two actin monomers for proper binding, only 20% of the total 
actin would be uncomplexed and 80% would be contained 
within junctional complexes. However, if the spectrin dimer- 
band 4. l-actin monomer complex had a 1:1:1 stoichiometry, 
as recently suggested (63), 60% of the actin would be uncom- 
plexed and would presumably flank the junctional complexes 
containing the remaining 40% of the actin. The latter alter- 
native is supported by our data (Fig. 3). One can readily 
calculate from the stoichiometry determined in Pinder and 



Gratzer (21) that the average protofilament of 20 actin sub- 
units would bear eight spectrin-band 4.1 complexes. Given 
the pattern of three spectrins per globule (Fig. 5) and the 
preference of the junctional complexes for both ends of the 
protofilaments (Fig. 3), a typical unit complex might have six 
spectrins associated with its ends and two spectrins clustered 
somewhere in the middle. Smaller actin oligomers might 
merely have junctions at their ends while long protofilaments 
would have several internal junctions. This idealized view is 
consistent with our data (Figs. 3 and 10). 

In conclusion, our observations confirm the working hy- 
pothesis concerning the molecular organization of the eryth- 
rocyte skeleton currently embraced by most students of  the 
subject (14, 15, 23, 28-33). Furthermore, the study of frag- 
ments provides ultrastructural details available from neither 
the isolated and reconstituted proteins nor from the intact 
skeleton itself. 
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