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Secrets initially revealed by studies of
the human red cell membrane have re-
peatedly proven to be of general bio-
logical significance. Membrane phos-
pholipid composition and asymmetry,
the biochemistry and functional impor-
tance of the membrane skeleton, and
the physiology of membrane transport
proteins are all examples of this pro-
gression in experimental membrane bi-
ology. In the field of signal transduction
across biological membranes, many of
the molecular events that mediate sig-
naling upon ligand binding to the exo-
facial domain of a transmembrane re-
ceptor protein remain obscure. One
reason for this lack of understanding is
the structural and functional complex-
ity ofmost biological membranes, mak-
ing it difficult to tease out relationships
among changes in membrane biochem-
istry and consequent alterations in
membrane structure and function.
Again the red cell may have come to the
rescue.
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Although the membrane of the
enucleated red cell is not amenable to
study by the generation of site-specific
mutant molecules, the wealth of avail-
able clinical material provides "natu-
ral" mutants that can be exploited with
great effectiveness. In the present issue
of the Biophysical Journal, Knowles et
al. (1994) use such mutants to describe
the effects of a monoclonal antibody
directed against the major membrane
sialoglycoprotein, glycophorin A, on
membrane rigidity and transmembrane
protein lateral mobility. The anti-
glycophorin antibody is found to in-
duce a marked increase in the rigidity of
normal red cells as well as lateral im-
mobilization ofboth glycophorinA and
the major transmembrane protein, band
3. None of these effects are induced by
the anti-glycophorin antibody in mu-
tant red cells expressing a form of gly-
cophorin A that lacks the cytoplasmic
domain and, therefore, is incapable of
interaction with the red cell membrane
skeleton. These findings are remark-
able and important for several reasons.
The first set of implications concerns

the molecular mechanism by which the
anti-glycophorin antibody induces
transmembrane protein immobilization
and membrane rigidification. The anti-
body presumably induces a conforma-
tional change in glycophorin A that
affects the interaction between this in-
tegral protein and the red cell mem-
brane skeleton. The conformational
change, therefore, could effect trans-
membrane protein immobilization and
membrane rigidification by: 1) induc-
ing increased interactions between
band 3 and the membrane skeleton; or
2) inducing increased interactions be-
tween glycophorin A and the mem-
brane skeleton, thereby pulling the
skeleton closer to the membrane lipid
bilayer. In the first mechanism, band 3
immobilization would result from in-
creased direct binding interactions
between band 3 and the membrane
skeleton, whereas in the second mecha-
nism, increased steric interactions
would be responsible for band 3 immo-
bilization. Although lateral mobility
data cannot distinguish between direct
binding and steric mechanisms as
causes of lateral immobilization, rota-

tional mobility measurements can shed
light on this question. Rotational mobil-
ity is sensitive to the molecular envi-
ronment (nanometer scale) of the rotat-
ing species, whereas lateral mobility is
measured over micrometer scale dis-
tances. Band 3 rotation has been meas-
ured in normal red cells incubated with
the anti-glycophorin antibody; the re-
sults show that the antibody causes
rotational immobilization of band 3
(Nigg et al., 1980). These data suggest
strongly that the anti-glycophorin anti-
body induces increased direct binding
interactions between band 3 and the
membrane skeleton, although concomi-
tant increases in steric interactions can-
not be ruled out.
Are glycophorin A and band 3 linked

in a molecular complex? This question
was first raised almost thirty years ago,
and it remains unresolved to the present
time. Data in favor of a glycophorin
A-band 3 complex include the finding
that the anti-glycophorin antibody in-
duces rotational immobilization of
band 3 (see above), and the observation
that the Wrb blood group antigen is
made up of determinants from the exo-
facial domains of both band 3 and gly-
cophorin A (Telen and Chasis, 1990).
Data against such a complex include
band 3 and glycophorin mobility mea-
surements in a number of red cell states
that show discordant values for the
rates of band 3 and glycophorin trans-
lation. (If the two transmembrane pro-
teins were tightly linked in a long-lived
complex, they should manifest identi-
cal rates of translational diffusion.) Ex-
amples include: 1) normal red cells, in
which glycophorin lateral diffusion
rates are about 50% greater than band
3 diffusion rates (reviewed by Golan,
1989); 2) Southeast Asian ovalocytes
(Liu et al., 1990; Mohandas et al., 1992)
and Band 3PRAGUE red cells (Jarolim et
al., 1994), in which band 3 is laterally
immobile, but glycophorin diffuses at
control rates; and 3) anti-glycophorin
antibody-treated Miltenberger V (mu-
tant) red cells, in which lateral diffusion
rates for band 3 and glycophorin A dif-
fer by a factor of about 3 (see Figs. 1
and 3 of Knowles et al., 1994). The
work of Knowles et al. (1994) would
appear to add to existing data favoring
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a model in which band 3 and glyco-
phorin A are not linked in a tight mol-
ecular complex, but may be capable
of transient lateral association in the
membrane.
The third set of implications con-

cerns the generalizability of the mo-
lecular mechanism proposed by
Knowles et al. (1994). The mechanism,
restated, is that receptors with short cy-
toplasmic tails can activate cells
through cooperative actions that induce
increased interactions between the
cytoskeleton or membrane skeleton and
other plasma membrane receptors.
Early evidence for this type of mecha-
nism came from studies on lympho-
cytes, in which locally bound lectins
were found to immobilize receptors at
locations on the cell surface remote
from the site of lectin binding (Edel-
man, 1976; Henis and Elson, 1981).
Contemporary studies on lymphocytes
suggest that cell-cell adhesion (medi-
ated by ligand-receptor binding) and
cell activation are dynamically inter-
related. That is, cells can be activated
by ligation of certain adhesion recep-
tors, and cell activation influences the
strength of cell-cell adhesion mediated
by adhesion molecules at the plasma
membrane. Preliminary evidence from
a number of laboratories suggests that
these effects are likely to involve signal
transduction pathways and cytoskeletal
rearrangements that affect the lateral
mobility and aggregation state of cell
surface receptors.
By using the human red cell as a

model system, Knowles et al. (1994)
have provided clear evidence for bi-
directional transmembrane signaling
involving the red cell membrane skel-
eton. "Action at a distance," in which
cell activation through one transmem-
brane receptor affects the structure and
function of other receptors in the same
membrane, is likely to be the rule rather
than the exception in many, if not all,
biological membranes.
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Since a large-scale structural change
within the actin-myosin complex
(cross-bridge) is predicted to accom-
pany force generation in most models

Received for publication 16 March 1994 and in
final form 16 March 1994.
Address reprint requests to Dr. David D. Thomas,
Dept. of Biochemistry, Millard 4-225, University
of Minnesota Medical School, Minneapolis, MN
55455. Tel.: 612-625-0957; Fax: 612-624-0632;
E-mail: ddt@ddt.biochem.umm.edu.
i) 1994 by the Biophysical Society
0006-3495/94/05/1272/07 $2.00

of muscle contraction, a major goal has
been the direct electron microscopic
(EM) visualization of this complex be-
fore and after the power stroke in which
force is generated. It is widely accepted
that the post-power stroke state is rep-
resented well by the tightly associated
rigor complex that occurs in the ab-
sence of nucleotide or in the presence of
MgADP. Under these conditions, EM
shows clearly that isolated myosin
heads (Si) in solution bind to actin uni-
formly and stereospecifically at an
angle of -45°. A much more elusive
complex is the weak-binding pre-force
state that predominates in the presence
of ATP.
A report by Walker et al. (1994) in

this issue addresses this problem
through EM experiments on solutions
of actin and Si during the steady state
of the ATP hydrolysis reaction. By per-
forming the experiments at very low
(2 mM) ionic strength, which strength-
ens the binding of S1 to actin, they were
able to obtain conditions in which up to
70% of the heads were bound to actin.
To capture the short-lived (-1 ms)
actin-S1-ATP complex, they froze the
samples very rapidly (-105 s-1), pro-
ducing a hydrated complex in vitreous
ice, which they then examined directly
(without staining) by cryoelectron mi-
croscopy. The resulting micrographs
show a very disordered actin-SJ com-
plex in which the Si molecules appear
to bind to actin with a wide range ofat-
tachment angles. In contrast, samples
prepared in the absence ofATP, or after
waiting long enough that the ATP was
converted to ADP, showed the usual
uniform attachment of Si at -45°.
The observation of angular disorder

of weakly attached Si agrees with most
(e.g., Frado and Craig, 1992) but not all
(Pollard et al., 1993) previous EM stud-
ies of the actin-SI complex duringATP
hydrolysis. The present study by
Walker et al. (1994) is important be-
cause the techniques used are designed
to prevent artifacts that might have af-
fected previous studies. Most previous
studies showing disorder did not em-
ploy rapid freezing, and the samples
were stained before electron micros-
copy (Frado and Craig, 1992). The
present study indicates that the disorder


