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ABSTRACT Erythrocytes possess a spectrin-based cytoskeleton that provides elasticity and mechanical stability necessary to
survive the shear forces within the microvasculature. The architecture of this membrane skeleton and the nature of its intermo-
lecular contacts determine the mechanical properties of the skeleton and confer the characteristic biconcave shape of red cells.
We have used cryo-electron tomography to evaluate the three-dimensional topology in intact, unexpanded membrane skeletons
from mouse erythrocytes frozen in physiological buffer. The tomograms reveal a complex network of spectrin filaments
converging at actin-based nodes and a gradual decrease in both the density and the thickness of the network from the center
to the edge of the cell. The average contour length of spectrin filaments connecting junctional complexes is 46 5 15 nm, indi-
cating that the spectrin heterotetramer in the native membrane skeleton is a fraction of its fully extended length (~190 nm).
Higher-order oligomers of spectrin were prevalent, with hexamers and octamers seen between virtually every junctional complex
in the network. Based on comparisons with expanded skeletons, we propose that the oligomeric state of spectrin is in a dynamic
equilibrium that facilitates remodeling of the network as the cell changes shape in response to shear stress.
INTRODUCTION
Erythrocytes are subject to high amounts of shear stress as
they traverse the narrow capillaries of the microvasculature
and transit from the cords to the sinuses of the spleen. A
specialized membrane skeleton is designed to accommodate
this stress by facilitating large, reversible deformations of
the red cell while maintaining a constant internal volume
and constant membrane surface area (1–3). Spectrin, the
most abundant protein in this membrane skeleton, forms
long, flexible heterodimers through antiparallel, lateral
association of a- and b-chains. Symmetric head-to-head
interactions between the N-terminus of a-spectrin and the
C-terminus of b-spectrin produce bipolar heterotetramers.
The tails of the heterotetramer bind the junctional complex
composed of F-actin, protein 4.1, and actin-binding proteins
dematin, adducin, tropomyosin, and tropomodulin. By
attaching several spectrin heterotetramers to each junctional
complex, a network is constructed that covers the entire
membrane surface of the red cell. This network is tethered
to the cell membrane at two sites, one mediated by ankyrin
that couples spectrin to Band 3 and the other mediated by
protein 4.1 that couples the junctional complex to glyco-
phorin C. Thus, the structural integrity of the erythrocyte
membrane is dependent on the horizontal linkages within
the spectrin-based network and on the vertical linkages
between this network and integral membrane proteins (4).
The physiological importance of this assembly is high-
lighted by the effects of mutations in various skeletal
components, which give rise to several hereditary red blood
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cell disorders characterized by membrane fragmentation,
hemolysis, and, ultimately, anemia (1,5).

Structural models for the membrane skeleton suggest
that the spectrin network is highly malleable and can
adopt expanded and nonexpanded forms. An early model
based on negative stain electronmicroscopy depicts a lattice-
like network of fully extended spectrin heterotetramers
(~194 nm long (6)) with five to six tails intersecting at
each junctional complex (7–10). Although these studies
were the first to provide high-resolution information on
the structural organization of the membrane skeleton, this
single-layered, expanded form is unlikely to represent the
network organization in situ. Indeed, spectrin heterote-
tramers in intact cells have subsequently been estimated to
be only 70 nm in length, based on experimentally deter-
mined values for the number of spectrin molecules and
for the membrane surface area together with a plausible
packing geometry (11). This estimate is consistent with
quick-freeze, deep-etch rotary replication (QFDERR) and
with atomic force microscopy (AFM) of intact, unexpanded
skeletons, which revealed 30- to 50-nm-long filaments that
were thought to represent spectrin heterotetramers. It is
interesting to note that QFDERR revealed three or four
spectrin attachments per junctional complex instead of
five or six, suggesting that the skeletal network may undergo
substantial reorganization as it expands into the single-
layered form observed in negative stain (12–18).

In this study, we have utilized cryo-electron tomography
(reviewed in Bárcena and Koster (19)) to reveal the three-
dimensional architecture of the membrane skeleton from
wild-type mice in a near-native environment. Specifically,
these skeletons have been preserved in the frozen-hydrated
doi: 10.1016/j.bpj.2011.09.050
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state and have not been broken open by shear forces, thus
avoiding artifacts due to heavy-metal contrasting agents,
adsorption to substrates, and drying. In the resulting tomo-
grams, spectrin filaments that would normally be obscured
by the superimposition of cellular material are easily visual-
ized as a convoluted, heterogeneous network. This has
allowed us to characterize this network and to produce a
model showing how it responds to shear stress.
MATERIALS AND METHODS

Membrane skeleton isolation

Erythrocytes were collected from adult wild-type mice under terminal

anesthesia using cardiac puncture and added directly to anticoagulant

acid citrate dextrose solution (0.15 ml/1 ml of blood). Membrane ghosts

were prepared by hypotonic lysis, which involved placing them in 5 mM

sodium phosphate buffer, pH 7.4, followed by three rounds of centrifuga-

tion and washing to remove residual hemoglobin (20). Membrane compo-

nents were extracted by adding 2.5% Triton X-100 to the lysis buffer and

incubating for 1 h on ice. This solution was layered on top of a discontin-

uous sucrose gradient (10%/60% sucrose in 0.1 mM sodium phosphate,

pH 7.0), which was spun for 20 min at 100,000 � g at 4�C (8). Fractions

were collected dropwise from the bottom of the tube and analyzed for

protein content using UV absorption, refractive index, and SDS-PAGE

(21). Peak fractions were used directly for negative staining or pooled

and dialyzed overnight against 2 mM sodium phosphate, pH 7.4, for rapid

freezing (see below). Western blots were carried out using antimouse or

antirabbit secondary antibodies coupled to horseradish peroxidase and

developed with an enhanced chemiluminescent detection kit according to

published protocols (22).
Electron microscopy

For preparation of sheared skeletons, 200 mesh copper grids coated with

carbon film containing 7 mm � 7 mm square holes (S 7/2, Quantifoil Micro

Tools, Jena, Germany) were overlaid with a thin layer of continuous carbon

(23) and glow-discharged. Skeletons were added at a concentration of

0.2 mg/ml and allowed to adsorb for 1 min. After blotting, they were either

negatively stained with 1% uranyl acetate for 1 min or plunge-frozen.

Negative staining resulted in spontaneous shearing of skeletons, but for

frozen-hydrated samples, shearing was induced by a jet of buffer adminis-

tered from a Pasteur pipette at a glancing angle immediately before blotting

and freezing. For intact skeletons, 200 mesh molybdenum grids coated with

a carbon film containing 5-mm-diameter round holes (R 5/20, Quantifoil)

were made hydrophilic with a plasma cleaner (Solarus, Gatan, Pleasanton,

CA) before use. Again, skeletons were added at 0.2 mg/ml and, after 1 min

incubation, were simply blotted and plunge-frozen in a cold room. These

frozen-hydrated samples were imaged over holes in the carbon film where

no adsorption or shearing took place.
Electron tomography

For negatively stained samples, eight dual-axis tilt series were collected at

1� increments over a range of 570� using 2 mm defocus. Images were

recorded with a Tecnai F20 electron microscope (FEI, Hillsboro, OR)

equipped with a 4-K CCD camera (F415MP, TVIPS, Gauting, Germany) at

a nominal magnification of 29,000 and a binning factor of 2, thus producing

a pixel size of 5.9 Å. Alternatively, a CM200 electron microscope (FEI)

equipped with a 1-K CCD camera (MSC1000, Gatan) was used at nominal

magnifications of 27,500 or 50,000 (corresponding to pixel sizes of 6.5 Å

or 3.6 Å). The total electron dose was ~4000 electrons/Å2. Dual-axis tilt
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series were collectedwith a high-tilt tomography holder (model 916, Gatan).

For the second tilt series about an orthogonal axis, the sample was manually

rotated ~90� while outside the microscope, and the montage feature of

SerialEM (24) was used to relocate the area of interest.

For intact frozen-hydrated samples, 13 single-axis tilt series were

collected over a 566� range at 2� increments and a 9-mm defocus using

SerialEM (24). A 3200FSC electron microscope (JEOL, Peabody, MA)

equipped with an in-column energy filter and 4K CCD camera (UltraScan

4000, Gatan) was used at 30,000 nominal magnification and a binning

factor of 2 (corresponding to a pixel size of 7.3 Å). The total electron

dose was 70 electrons/Å2. An energy window of 20 eV was used for zero-

loss images and samples were kept at liquid nitrogen temperatures.
Image processing

Fiducial-free alignment of projection images and reconstruction of three-

dimensional volumes was carried out using Protomo software (25). Data

from dual-axis tilt series of negatively stained specimens were combined

using IMOD (26,27). For visualizing tomograms of frozen-hydrated skele-

tons, nonlinear anisotropic diffusion was used to enhance contrast (28).

Cross-correlational analysis was used to validate the identity of junctional

complexes in the volume. For this analysis, a model of a 12-subunit actin

filament was rendered at 4.2 nm resolution and systematically rotated and

translated before cross correlation with the raw, unfiltered tomographic

volume. After applying the appropriate missing wedge to the actin

template, a series of three-dimensional maps of the cross-correlation coef-

ficients was produced, and a final composite map was made, representing

the highest cross-correlation coefficient at each voxel in the volume (29).

Volume renderings of frozen-hydrated skeletons were generated using the

Skeleton option found in the Amira 5.3 software package (Visage Imaging,

San Diego, CA). Contour length measurements of junctional complexes

along with spectrin heterotetramer dimensions and connectivity were calcu-

lated using IMOD (26,27) from the three cryo-electron tomograms with the

best visibility (i.e., ice was thin and there were many filaments traceable

throughout the volume).
RESULTS

Negatively stained membrane skeletons

For our electron tomography studies, membrane skeletons
were prepared by extracting mouse red cell ghosts with
Triton X-100, purifying them on a sucrose gradient, and
then applying them directly to support films for either nega-
tive staining or rapid freezing. Consistent with previous
work (7–10), membrane skeletons that were adsorbed to
the carbon support film and negatively stained adopted
a circular shape with a diameter of 10–12 mm. Because
this diameter is more than twice that of the mature mouse
red cell (5–6 mm), this preparation is thought to represent
a stretched, or expanded, state of the skeleton (Fig. 1 A).
Higher-magnification views of this expanded network
reveal a latticelike arrangement of spectrin heterotetramers
punctuated by junctional complexes (Fig. 1, B and C). An
average length of 144 5 26 nm (mean 5 SD; range 86–
187 nm, n ¼ 64) indicates that many of the spectrin hetero-
tetramers have been stretched close to their full contour
length. Electron tomography confirms that the network is
single-layered with 5.25 0.7 (n¼ 35) spectrin heterodimer
connections/junctional complex. A comparable result can
be obtained with frozen-hydrated samples if the membrane
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FIGURE 2 Negative-stain electron tomography of the expanded mem-

brane skeleton. (A) Tomographic slice (5.9 Å thick) from a negatively

stained, expanded membrane skeleton reveals junctional complexes (black

arrows) and spectrin heterotetramers. Separation of the a- and b-spectrin

molecules is sometimes visible distal to the junctional complexes (white

arrowheads). Residual membrane fragments are occasionally present in

the preparation (asterisk). Scale bar, 60 nm. (B) A series of high-magnifica-

tion tomographic slices (3.6 Å thick) through a node in the spectrin network

(black arrow) reveal a short (~30 nm), filamentous structure that corresponds

to the junctional complex. This filamentous structure appears slightly bent,

perhaps reflecting flexibility or distortion of F-actin at the junctional

complex. Spectrin heterodimers are seen emanating from this complex and

can be seen to bifurcate into individual a- and b-spectrin molecules

~50 nm away from the node (white arrowheads). The three individual xy

slices shown are separated by 7 Å in the z direction. Scale bar, 45 nm.

A B

Sp4C D

FIGURE 1 Negative-stain electron microscopy of the isolated, expanded

erythrocyte membrane skeletons. (A and B) Low- (A) and medium-magni-

fication (B) electron micrographs of membrane skeletons prepared by

Triton X-100 extraction of mouse erythrocyte ghosts, which were adsorbed

to carbon-coated grids and negatively stained. As a result of this procedure,

the skeletons have been sheared open into a single layer. They have a diam-

eter of ~10–12 mm, which is about twice as large as the mature mouse eryth-

rocyte, indicating that the skeletons have been stretched. Scale bars, 1 mm

(A) and 200 nm (B). (C) Higher-magnification view of the spread meshwork

shows junctional complexes (black arrows) that are connected exclusively

by spectrin heterotetramers (Sp4) that had an average length of 144 nm

(statistics were calculated from four double-tilt tomograms). Scale bar,

120 nm. (D) Cryo-electron micrograph of the expanded membrane skel-

eton. Skeletons were adsorbed to continuous carbon films and sheared

with a jet of buffer before rapid freezing. Junctional complexes (black

arrows) and spectrin filaments (white arrowheads) are clearly visible.

The dimensions of these features are comparable to those in negatively

stained samples. Scale bar, 120 nm.
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skeletons are adsorbed to the carbon film and broken open
with fluid shear before freezing (Fig. 1 D). We therefore
conclude that shear forces, rather than the dehydration asso-
ciated with the use of negative stain, are responsible for
producing this expanded state.

Structural details of the filaments composing the nega-
tively stained network are better visualized in tomograms
from these samples (Fig. 2). Specifically, the expected short
actin filaments at the junctional complexes can be measured
to be ~30 nm in length. The spectrin filaments can be
tracked, and in certain tomographic slices, they appear to
splay apart, presumably reflecting a separation of a- and
b-molecules that compose the heterodimer. It is interesting
to note that these molecules become closely apposed as
they approach the junctional complex. This observation
provides direct evidence for a variability in the strength of
lateral association between a- and b-spectrin, supporting
previous analytical ultracentrifugation studies suggesting
that heterodimer interactions are much stronger for spectrin
repeats near the junctional complex (a21-20 and b1-2)
compared to other repeats more distal to the junctional
complex (30).
Thickness and density of frozen-hydrated
membrane skeletons

To evaluate the native architecture of the spectrin network,
we used rapidly frozen preparations in which intact skele-
tons were suspended in vitrified buffer over holes in the
carbon support film, thus eliminating both dehydration
and adsorption to the carbon substrate and minimizing fluid
shear (Fig. S1 in the Supporting Material). In contrast to the
adsorbed skeletons, these intact, free-floating skeletons
had a diameter similar to that of the mature mouse red
cell (5–6 mm), suggesting that they retained their native
shape. Consistent with previous QFDERR studies (12,15–
17) and more recent AFM studies (13,14,18), tomograms
representing 1.0–1.5 mm2 areas at the skeleton edge reveal
a densely packed, heterogeneous network of filaments
coming from both the upper and lower layers of the mem-
brane skeleton (Fig. 3 and Movie S1). At low magnification,
these frozen-hydrated skeletons appear to have a smooth,
circular shape (Fig. S1); however, higher-magnification
tomographic slices show that the edge is in fact irregular
Biophysical Journal 101(10) 2341–2350
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FIGURE 3 Cryo-electron tomography of the

intact, unexpanded membrane cytoskeleton. Intact,

unexpanded membrane skeletons derived from

detergent-extracted mouse red cell ghosts were

frozen and imaged over holes in the carbon

substrate. (A) A 7.3-Å-thick slice from a tomogram

collected from the edge of the skeleton (white

dashed line) reveals a dense heterogeneous

network of thin filaments. Residual membrane

fragment is indicated by the white asterisk (see

Movie S1). Scale bar, 200 nm. (B) Skeletonized

volume-rendering of the intact membrane cyto-

skeleton shown in A. Note that filament density

decreases from the center to the periphery of the

skeleton (see Movie S2). Scale bar, 200 nm. (C)

Close-up views of the network at the center (left)

and edge (right) of the skeleton. Scale bar,

80 nm. (D) Side view of the volume-rendering

from B showing that the overall thickness of the

network decreases twofold over a distance of 1.5

mm. The average thickness of n ¼ 12 skeletons

(mean 5 SD) was 110 5 13 nm (range 88–

128 nm) for the central region and 54 5 9 nm

(range 36–72 nm) at the edge. Scale bar, 100 nm.
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(Fig. 3, A and B). Such irregularity probably results from
compression of the skeleton into the thin layer required
for vitrification (~150 nm), which will randomly fold the
discrete filamentous network along its weak spots.

The surface density of filaments decreases from the center
of the membrane skeleton to the edge, as illustrated by the
volume rendering in Fig. 3 C. A similar gradient in the
surface density of spectrin, protein 4.1, and actin has previ-
ously been associated with shear stress generated by aspi-
rating erythrocyte membranes into micropipettes (31–34).
In our case, this gradient may reflect a lateral force at the
edge of the network due to its compression from plunge-
freezing, and it illustrates how components of the skeleton
are able to redistribute themselves in response to shear
stress. The overall thickness of the membrane skeleton
also increases from the edge of the cells (54 nm) to the
center (110 nm) (Fig. 3 D), thus suggesting a coupling
between surface density and membrane skeleton thickness.
Identification of spectrin filaments and junctional
complexes

Unlike the hexagonal lattice of straight filaments that is seen
in expanded skeletons (Fig. 1) (7–10), filaments in the tomo-
grams from frozen-hydrated skeletons appear to be highly
Biophysical Journal 101(10) 2341–2350
flexible, and their contour path varies from straight to
sharply kinked (Fig. 4, A and B, and Movie S2). The diam-
eters of interjunctional filaments are consistent with those of
spectrin (4.0–4.5 nm (Fig. 4 B)), and their abundance is
consistent with SDS-PAGE (Fig. S2 A), showing that
a- and b-spectrin are the major components of isolated skel-
etons. The junctional complexes are distinguished by their
high density, their larger diameter (8–9 nm) and shorter
overall length, and the presence of multiple, thinner fila-
ments emanating radially in various directions (Fig. 4, A
and C). These visually identified junctional complexes
also produced the highest cross-correlation coefficients
when the tomographic volume was probed with an F-actin
model (Fig. S3). Their average contour length of 27 5
7 nm (Fig. 4 D) is consistent with an 8- to 12-monomer
F-actin filament that composes the core of the junctional
complex. This length is shorter than the 36.9 nm (13–14
actin monomers) previously measured from negatively
stained samples (35). A possible explanation for the shorter
length in our tomograms is that Mg2þ, which has previously
been shown to lead to a loss of tropomyosin (36), was
omitted during preparation of our membrane skeletons. Its
33-nm length is thought to provide a ruler for the length
of F-actin filaments, thus constraining them to contain at
least 12 monomers. However, in addition to tropomyosin,
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FIGURE 4 Identification of spectrin filaments and junctional complexes.

(A) Tomographic slices reveal thin filaments (white arrowheads) with

a diameter of 4.0–4.5 nm, which are consistent with the a/b-spectrin heter-

odimer. These filaments converge at nodes (black arrows), which have

dimensions consistent with junctional complexes composed of protein

4.1, F-actin, and actin-binding proteins. Scale bar, 100 nm. (B) Gallery of

spectrin filaments from tomographic slices, illustrating the variable shapes,

ranging from relatively straight to sharply kinked. These particular exam-

ples were chosen to lie within a single tomographic slice, though typically

the spectrin filaments will move in and out of multiple slices (see Movie

S3). Scale bar, 20 nm. (C) Gallery of junctional complexes from tomo-

graphic slices characterized by a central density consistent with the size

and shape of a short (30-nm) F-actin filament. These filaments were usually

short and straight (upper), but a small number were distinctly bent (lower),

as also observed in the expanded skeleton in Fig. 2 B. (D) Histogram of

contour lengths for the junctional complex. The average of 27 5 7 nm

(mean5 SD; range 17–37 nm; n¼ 133) is consistent with an F-actin mole-

cule of 8–12 monomers.
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FIGURE 5 Three-dimensional topology of the membrane skeleton.

(A and B) Histogram of the number of spectrin connections per junctional

complex for frozen-hydrated and negatively stained skeletons, respectively.

For frozen-hydrated skeletons, the mean 5 SD of spectrin connections/

junctional complex was 4.2 5 1.0 (range 1–6, n ¼ 133). For negatively

stained skeletons, the mean 5 SD was 5.2 5 0.7 nm (range 4–7 nm,

n ¼ 35). (C) Skeletonized, volume-rendering of two junctional complexes

(yellow) with their associated spectrin filaments (red and blue). A spectrin

heterotetramer connecting the two junctional complexes is highlighted in

magenta. The two views are related by a 180� rotation. Scale bar, 50 nm.

(D) Tomographic slices at intervals of 9 nm through these same junctional

complexes (black arrows), showing the spectrin filaments (white arrow-

heads). Scale bar, 35 nm. Also see Movie S3 and another example of local

network topology in Fig. S4.
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tropomodulin and adducin act as capping proteins that are
also important for maintaining actin filament length (35).
It should be noted that Western blots from our preparations
demonstrated the presence of tropomyosin, together with
other major and minor constituents of the junctional
complex (actin by SDS-PAGE, protein 4.1, and tropomodu-
lin by Western blot) (Fig. S2 B), suggesting that our
membrane skeletons were fundamentally intact.
Three-dimensional topology of the skeleton

The number of spectrin heterodimers attached to each junc-
tional complex represents an important parameter governing
the mechanical properties of the membrane skeleton. From
three-dimensional analysis of our tomograms, we typically
observed three, four, or five spectrins connected to a given
junctional complex, and only rarely six (Fig. 5, Fig. S4,
and Movie S3). On average, we measured 4.2 5 1.0 (n ¼
133) spectrin heterodimers per junctional complex, which
is consistent with estimates from QFDERR and AFM
studies (12–17), but less than the 5.2 5 0.7 (n ¼ 35)
measured from our negatively stained, expanded skeletons
(Fig. 5 B). However, the convoluted path of spectrin, the
dense organization of the network, and the low signal/noise
ratio in the tomograms makes it difficult to precisely iden-
tify every spectrin heterodimer emanating from a given
junctional complex, and the value of 4.2 may therefore be
a slight underestimate.
Biophysical Journal 101(10) 2341–2350
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The spectrin heterotetramer is a flexible molecule that is
194 nm long in the fully extended state (6) but has been pre-
dicted to be only 70–80 nm in a cellular context (11,37). In
our tomographic reconstructions, the contour length of the
spectrin heterotetramer is 46 5 15 nm (n ¼ 130) (Fig. 6),
which is also comparable to measurements from QFDEER
and AFM images (12–17). To our surprise, despite the
observed gradient in skeleton thickness and in filament
density (Fig. 3), we found that the contour length of spectrin
heterotetramers did not vary significantly across the cell.
Thus, the higher surface density of junctional complexes at
the center of the cell seems to be achieved by spectrin
following a more convoluted path between the nodes rather
than by any change in the spectrin contour length. Compar-
ison with the expanded network produced from these same
samples and shown in Fig. 1 indicates that expansion was
not simply due to prolonged incubation in buffer of low ionic
strength;more likely, adsorption to the carbon film combined
with blotting to produce relatively high levels of fluid shear
during the preparation of samples for electron microscopy.
Oligomeric state of spectrin

In conventional models of the membrane skeleton, spectrin
filaments are depicted as heterotetramers, consisting of
two heterodimers of a- and b-spectrin that are connected
head-to-head to produce a bipolar filament. However, there
have been reports of higher-order oligomers, and our tomo-
A Sp4

B

Sp4

ank

FIGURE 6 Spectrin heterotetramer dimensions. (A) Two examples of

junctional complexes (black arrows) connected by spectrin heterotetramers

(Sp4). Because these are thin tomographic slices, the spectrin molecules

tend to leave the plane of the slice and junctional complexes have variable

appearances depending on their orientation. A putative ankyrin molecule

(ank), which binds to the 15th repeat of b-spectrin, is indicated at the ex-

pected position halfway between junctional complexes (8,50). Scale bars,

25 nm. (B) Histogram of contour lengths of the spectrin tetramers shows

an average of 46 5 15 nm (mean 5 SD; range 19–97 nm, n ¼ 130).

When separated into two groups corresponding to the center and edge of

the cell, there was no significant difference in this length: center, 45.8 5

2.3 nm; edge, 46.2 5 2.3 nm (mean 5 SE; p ¼ 0.9809).
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grams provide the first, to our knowledge, direct view of
hexameric and octameric spectrin in an intact membrane
skeleton. Specifically, spectrin heterotetramers were readily
identified in our tomograms as linear filaments running
between junctional complexes, but we also observed a
plethora of branched filaments that were either Y-shaped
or cross-shaped and that terminated in nearby junctional
complexes (Fig. 7, A and B). These branched structures
appear similar to the polyskelions observed in rotary shad-
owed preparations of isolated spectrin (38) and presumably
represent hexamers and octamers, respectively. Accord-
ingly, our networks appeared to be composed of a stochastic
combination of tetramers, hexamers, and octamers connect-
ing each pair of junctional complexes (Fig. 7, C and D, and
Movie S4). Although we did not quantify their relative
abundance, higher-order oligomers were observed spanning
virtually every pair of nodes in the network.
DISCUSSION

By using cryo-electron tomography to image intact mem-
brane skeletons from red cells, we have, to our knowledge,
produced the first truly three-dimensional structure of
this oft-studied macromolecular assembly. The skeletons
comprise a dense, convoluted network of spectrin filaments
connecting to actin filaments at the junctional complexes.
Both the surface density of the network and its overall thick-
ness were lower at the edge of the cell compared to the
middle. Three-dimensional tracking of individual spectrin
C

B

D

A

Sp6

Sp8

Sp4

Sp6

Sp8

Sp4

Sp6

Sp8

FIGURE 7 Oligomeric state of spectrin. (A) Gallery of skeletonized

volume-renderings of spectrin hexamers (upper) and octamers (lower) ex-

tracted from the tomograms. Junctional complexes are highlighted in

yellow. (B) Corresponding tomographic slices through the oligomers shown

in A. (C) Skeletonized volume-rendering of a region of the cytoskeleton,

illustrating junctional complexes (yellow) connected by spectrin heterote-

tramers (Sp4), hexamers (Sp6), and octamers (Sp8). (D) Tomographic slice

through the corresponding region of the tomogram. Scale bars, 20 nm.
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heterotetramers indicated that their contour length averages
46 5 15 nm, indicating that spectrin filaments are only
approximately one-quarter of the full contour length of the
extended heterotetramer in situ. In addition to the linear,
tetrameric form, we observed a large proportion of branched
spectrin oligomers, such as hexamers and octamers, con-
necting junctional complexes.
Thickness and topology of the membrane
skeleton

Our measurements of the membrane skeleton thickness
indicate a twofold change across the cell—from 54 nm at
the cell edge to 110 nm at the center—which could be ex-
plained by a corresponding gradient in membrane stress.
Indeed, previous measurements with force probes and inter-
ferometry (39) indicated that the entire membrane assembly
could be compressed by a factor of 1.8 in cells under
~100 pN of force. In a similar way, blotting of our samples
before plunge-freezing will compress the skeletons, thus
producing high curvature at the cell edges and localized
lateral stress similar to that experienced by the red cell in
circulation. To compare our measurements of isolated
skeletons with those involving the entire membrane-bound
skeleton, we can add 10 nm for the space between the junc-
tional complex and the lipid bilayer (40), 4 nm for the lipid
bilayer itself, and 6 nm for the glycocalyx (41). Based on
these values and the fact that our tomograms represent
two juxtaposed skeletons, we estimate the overall thickness
for the membrane-bound assembly to be 47 nm at the edge
and 75 nm in the middle of cells. The value of 47 nm is
indeed consistent with both the 40–50 nm measured by
Heinrich et al. for cells under stress (39) and the 42 5
15 nm measured by Hategan et al. using AFM (18).
However, our estimated thickness at the center of the cells
(75 nm) is somewhat less than the 90 nm measured by force
probes on unstressed cells (39), indicating that the cell
centers may also experience stress during sample prepara-
tion for electron microscopy, albeit less than at the edge.
In any case, our observation of a concomitant gradient in
thickness and in surface density of filaments is consistent
with the idea that changes in filament density represent
a key response to membrane stress.

Although the resolution of our reconstructions is too low
to evaluate the secondary and tertiary structures of spectrin,
our observations of the dimensions of spectrin heterote-
tramers (46 nm in length and 4.5 nm in diameter) can be
considered in light of several models that attempt to explain
the molecular basis for its flexibility. X-ray crystal structures
of two tandem a-spectrin repeats led to suggestions that
a loop-to-helix transition within the spectrin repeat, or
bending at the linker between repeats, can induce supercoil-
ing of the heterodimer. A model including a combination of
these effects was shown to reduce the linear end-to-end
extent of spectrin by two-thirds (42). The inflective and
kinked shapes of spectrin in our tomograms are generally
consistent with this model, though the model does not
explain the reduced contour length seen in our tomograms.
Reductions in contour length could be explained by another
model positing that flexibility at the linker region allows
individual triple-helical spectrin repeats to fold back upon
themselves (43). However, our reconstructions do not
show the implied heterogeneity in the diameter of spectrin
heterodimers (Fig. 4 B), which would increase from 4.5 to
~7 nm in the folded state. Alternatively, Fourier-filtered
images of negatively stained spectrin from expanded
membrane skeletons suggest supercoiling of spectrin heter-
odimers (9), though it is not clear whether this could reduce
contour length enough to account for the 46-nm length of
spectrin heterotetramers seen in our tomograms.
Oligomeric state of spectrin

Our tomograms provide the first direct view of branched
hexameric and octameric spectrin filaments in an intact
membrane skeleton. Like the heterotetramer, assembly of
these oligomers is likely mediated by a swapping of a- and
b-strands, except that the a- and b-strands from a given
heterodimer would make three- or four-way junctions with
different neighboring a- and b-strands (Fig. 8 C) (44–46).
In previous studies, hexamers were observed in negatively
stained membrane skeletons and were estimated to account
for ~11% of the total spectrin (8). In a similar way,
QFDERR was used to image antibodies to the head region
of a-spectrin, thus revealing intersections between three or
four spectrin filaments (16). In both QFDERR and rotary-
shadowing studies of isolated spectrin purified from red
cell extracts, such oligomers were estimated to account for
25–35% of total spectrin (38). Although we could not
establish a reliable fraction given the difficulty in accurately
tracking every spectrin molecule through the tomograms,
oligomers were seen between virtually every junctional com-
plex in our tomograms, and our observations are therefore
consistent with the higher estimates for their prevalence.
Model for intact membrane skeleton and
conversion to the expanded form

Comparisons between our images of sheared and intact skel-
etons suggest that formation of specific spectrin oligomers is
transient and that remodeling of these oligomers may consti-
tute the network’s response to stress. In contrast to the
network observed in intact, free-floating skeletons (Fig. 7),
adsorption and shearing of skeletons results in a lower
density of junctional complexes and a predominance of fully
extended spectrin tetramers (Figs. 1 and 2). This result
suggests that the oligomeric state of spectrin is in a dynamic
equilibrium and may be a determining factor in the flexi-
bility of the red-cell membrane as a whole. Assuming a
concentration dependence for oligomerization, the large
Biophysical Journal 101(10) 2341–2350
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FIGURE 8 Model for transition between the intact and expanded forms of the erythrocyte membrane skeleton. (A) Our model of the unexpanded

membrane skeleton, which is consistent with cryo-electron tomography of frozen-hydrated preparations of intact skeletons. This model is composed of spec-

trin molecules (thin red and blue strands) connecting junctional complexes (orange filaments). Spectrin heterodimers composed of a- (red) and b (blue)-

chains are connected to each junctional complex. Higher-order tetramers, hexamers, and octamers are formed by self-association sites halfway between

the junctional complexes (circles). Our data suggest that these self-association sites are transient and that coupling between individual spectrin molecules

is continually being reconfigured. (B) Model of the expanded skeleton that is consistent with electron tomography of sheared skeletons that were adsorbed

to the carbon support. This model represents an expansion of the boxed region in A and is drawn at the same scale. Expansion produces a lower surface

density of spectrin molecules, which we believe accounts for the observed shift of higher-order spectrin oligomers (hexamers and octamers) toward the tetra-

meric form, which is fully extended. Thus, the dynamic equilibrium of the spectrin network allows the erythrocyte to undergo large deformations in response

to shear force. (C) Schematic representations of a spectrin heterotetramer (upper) and hexamer (lower). Heterotetramers are formed through an exchange of

a-helices from the N- and C-termini of a- and b-spectrin, respectively (overlap of chains inside the circle). Higher-order oligomers, such as hexamers and

octamers, can be formed in a similar manner, except that the a- and b-spectrin molecules pair with a- and b-spectrin molecules that originate from different

heterodimers.
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fraction of higher-order oligomers observed in intact
skeletons could reflect an innate overabundance of spectrin
relative to the surface area of the relaxed red cell (44,47).
Thus, local regions of the network would be poised to
convert the higher order oligomers into heterotetramers or
even into unassociated heterodimers, thus allowing this
region of the membrane to stretch during red cell deforma-
tion (Fig. 8). Indeed, the dynamic nature of spectrin oligo-
merization is supported by the ready incorporation of
peptides from the N-terminus of a-spectrin into the network
in situ (48). There is also evidence that localized unfolding of
spectrin chains contributes to elasticity, as shown by the
incorporation of cysteine labels along the length of the
spectrin heterodimer in response to shear stress (49). Finally,
it is notable that the red cell disorders of hereditary elliptocy-
tosis and pyropoikilocytosis, where cells fail to return to their
resting biconcave disc shape, are characterized by mutations
in the head-to-head oligomerization site of spectrin, which
could very well impact the stability of oligomers (1,5).
Biophysical Journal 101(10) 2341–2350
CONCLUSION

In summary, we have used cryo-electron tomography to
characterize the architecture of the erythrocyte membrane
skeleton in the native state. Our three-dimensional volumes
show that the membrane skeleton is composed of a heteroge-
neous network of spectrin oligomers that follow convoluted
paths to link the junctional complexes together. The thick-
ness of the skeleton and the surface density of the spectrin
network vary across the cell and appear to be coupled to
the level of membrane stress. We observed a significant frac-
tion of hexameric and octameric spectrin assemblies and
propose that the interconversion of spectrin oligomers is
dynamic, thus facilitating the extreme deformations that
the red cell undergoes throughout its life cycle.
SUPPORTING MATERIAL

Four figures and four movies are available at http://www.biophysj.org/
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