























Figure 7 (Continued)

marginal band-associated proteins of the first type, proteins
associated exclusively with microtubules that might be ex-
pected to fractionate with assembled tubulin. The presence
of such proteins among coassembling brain associated pro-
teins, such as MAP 2, chartins, and tau (Peng et al., 1985;
Magendantz and Solomon, 1985), is established in several
systems, and therefore antibodies against them might have been
represented in the monoclonal library generated from such
proteins. There have been reports of such proteins in the mar-
ginal bands of other species (Nachmias et al., 1979; Sloboda
and Dickersin, 1980; Tablin et al., 1988), and the existence
of proteins mediating microtubule-microtubule interactions
is suggested by the fact that marginal bands can be isolated
from some nucleated erythrocytes (Cohen, 1978; Cohen et
al., 1982). However, these proteins may not be expressed in
the same covalent form in brain and erythrocytes, so an anti-
body against one form might not interact with the other.

The 13H9 Antigen May Interact with Both
Microtubules and Microfilaments

The 13H9 antigen displays some properties of a microtubule-
associated protein. First, in adult erythrocytes, it colocalizes
with the marginal band microtubules. Colocalization with
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microtubules in cells is a hallmark of several minor microtu-
bule components in other cell types (Connolly et al., 1977;
Connolly et al., 1978; Bulinski and Borisy, 1980; Bloom et
al., 1984; Parysek et al., 1984; Magendantz and Solomon,
1985; Huber et al., 1985). Second, it is among the proteins
that coassemble with tubulin in vitro from brain homogenates.
We and others have shown that coassembling proteins need
not interact with microtubules in vivo (Lee et al., 1978;
Solomon et al., 1979) although several proteins that do inter-
act with microtubules in vivo also coassemble in vitro. We
also do not know if the 80-kD antigen interacts directly with
microtubules; it could interact with other elements of these
complex homogenates.

Other properties of the 13H9 antigen indicate that it is
clearly unlike previously characterized microtubule-associ-
ated proteins. It does not localize along the length of microtu-
bules of cultured cells. Also, its association with detergent
extracted cytoskeletons of adult erythrocytes is clearly inde-
pendent of microtubules, as seen by immunofluorescence
and protein blotting in erythrocytes with or without microtu-
bules.

The 80-kD protein may interact with microfilaments. It
colocalizes with most of the phalloidin staining in erythro-
cytes, and with a subset of that staining in fibroblasts. Its be-
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Figure 8. Comparison of 13H9 staining with phalloidin staining
during embryonic development. Immunofluorescence of red blood
cells from chicken embryos of 2 to 5 d after fertilization, double
stained with 13H9 (leff) and phalloidin (right). The cells have been
grouped and arranged to represent stages in the development of the
13H9 pattern, as in Fig. 7. (a) At early stages, when 13H9 staining
is distributed throughout the cytoplasm, either as punctate elements
or more diffusely, the phalloidin staining is found throughout the
cell. This stage corresponds to Fig. 7, a and b, which are distin-
guished by different tubulin patterns. (b) The 13H9 staining is pri-
marily punctate, and is largely localized to the position of the mar-
ginal band. In the same cells, the phalloidin staining is present at
the marginal band, in a smoother pattern. There is also phalloidin
staining elsewhere in the cortex of the cell, which is faint and
difficult to see in these micrographs. (c) At later stages, both the
13H9 and phalloidin staining are strongly localized at the position
of the marginal band, and are closely coincident. Again, there is
diffuse staining of phalloidin elsewhere in the cell. Bar, 5 pm.
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havior during extraction is similar to that of a microfilament
associated protein. But it does not colocalize with all
microfilaments. Moreover, if it is ezrin, as the evidence sug-
gests, then it does not bind to actin filaments in vitro
(Bretscher, 1983). During erythrocyte development, the pat-
tern of 13H9 staining is not identical to either that of an-
titubulin or phalloidin.

Clearly, then, if the 13H9 antigen does interact with
microtubules or microfilaments, it does so only under certain
circumstances, or only with particular domains of those
structures. One possibility, that some proteins may mediate
interactions between microtubules and microfilaments, is sug-
gested by in vitro experiments (Griffith and Pollard, 1978).
Functional connections between the two filament systems are
implied by the ability of cytochalasin to block neurite retrac-
tion in neuroblastoma cells in which the microtubules are
completely disassembled (Solomon and Magendantz, 1981;
Joshi et al., 1985). Finally, in the accompanying paper (Goslin
et al., 1989), we show that an antigen recognized by 13H9
localizes almost exclusively to the growth cones of primary
neurons, in a pattern very similar to that of F-actin but nearly
complementary to that of microtubules. However, it seems
likely that in those cells the 13H9 antigen must interact with
assembled tubulin, either directly or indirectly, since its lo-
calization is disrupted by the microtubule depolymerizing
drug nocodazole.

The Marginal Band-associated Protein May Be Ezrin

The data presented here are consistent with the identification
of the 13H9 antigen as ezrin, although this point is not estab-
lished definitively. The interactions of ezrin are not fully un-
derstood, nor are its functions. It was originally identified in
intestinal epithelia, and in particular has been localized to
the microvilli at the apical surface in these cells (Bretscher,
1983); however, its precise position with respect to other
structures in those cells has not been defined. The surface
projections and motile elements with which it is associated
in cultured cells also contain assembled actin, but ezrin
clearly does not colocalize with the bulk of actin in these
cells (see Bretscher, 1983, 1989; and Fig. 5). Also, it does
not appear to bind to actin in vitro (Bretscher, 1983). There-
fore, ezrin may interact with actin, but not under all circum-
stances. Ezrin is phosphorylated in vivo, in response to ex-
posure to epidermal growth factor, and is concomitantly
recruited into membrane ruffles and surface projections,
suggesting that it may play a role in organizing such struc-
tures (Bretscher, 1989). It is important to point out that in
the position of the marginal band, where all of the microtu-
bules and 13H9 antigen of nucleated erythrocytes are local-
ized, there is a significant concentration of assembled actin.
It is possible that all three proteins interact in a complex, per-
haps with other components as well.

Roles for a Marginal Band-associated Protein

The 13H9 antigen is unlikely to specify the position where
the marginal band forms. The staining of 13H9 in embryonic
erythrocytes demonstrates that it is originally dispersed
throughout the cytoplasm. It does not colocalize with micro-
tubules at any of the stages preceding the band, when they
are in radial arrays or when they are in cytoplasmic bundles.
Even when the band begins to form, there is significant 13H9
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staining elsewhere in the cell. That the 13H9 antigen does
not localize to microtubules until after the marginal band is
formed places limitations on its role. It suggests that the posi-
tioning of the antigen is unlikely to be responsible for the
positioning of the marginal band during development, and
that it is unlikely to be involved in the intermediates of mar-
ginal band formation, such as bundle formation. Such a role
is not strictly excluded, however, since there is some 13H9
staining in the region of the band as it forms.

What functions could a protein like the 13H9 antigen con-
tribute? It is clear that several properties of the microtubules
are altered during erythrocyte development. For example,
some time after the formation of the band, the microtubules
become resistant to microtubule depolymerizing drugs (Kim
et al., 1987). Also, the microtubules of mature cells, de-
polymerized by incubation in the cold, will reassemble in
precisely the position, shape, and numbers of the original
band (Miller and Solomon, 1984) but the microtubules of
immature cells reassemble with less fidelity (Kim et al.,
1987). These results suggest that as the cells develop, the
microtubules become more stable and the position of the
marginal band becomes more rigidly specified, perhaps by
interactions with associated proteins. The elliptical shape of
marginal bands also may depend upon such interactions,
since when isolated they can revert from elliptical to circular
(Cohen, 1978; Cohen et al., 1982). Therefore, it seems pos-
sible that a protein like the 13H9 antigen, and other proteins
that might connect microtubules to the cortex, may be impor-
tant for these changes.

A Model for Morphogenesis of the Marginal Band

The intermediates in marginal band formation suggested by
the immunofluorescence images of developing erythrocytes
(Kim et al., 1985; Figs. 7 and 8) raise the possibility that im-
portant elements of marginal band morphogenesis can be
specified by the properties of the microtubules themselves,
independent of a marginal band-associated protein. A cru-
cial and perhaps unique stage in this process is the formation
of several bundles of microtubules in a cell. Perhaps the for-
mation of the band is required by the presence of a few such
assemblies attaining significant length and having a strong
tendency to be straight. The straightest path will be the long-
est path, and inside a sphere that means a circumference.
If more microtubules are recruited to these bundles, result-
ing in an increasing tendency to run straight, the force of
such bundles could dictate the formation of a single circum-
ferential path. To become longer, the bundle could distort a
spherical cell to produce an equator that bulges, flattening
the cell. Therefore, simply the accumulation of the assem-
bled tubulin into a sufficiently long bundle could produce
some of the features of the marginal band. However, this
model does not account for the elongation along one of the
equatorial axes, producing lentiform cells. Testing this
model, and explaining the stages in marginal band morpho-
genesis, are some of the issues that remain.

We thank Anthony Bretscher (Cornell University) for providing his anti-
body to ezrin, and for sharing his knowledge of this protein with us; Paul
Matsudaira (Massachusetts Institute of Technology) for the purified ezrin
preparation; members of the Hynes laboratory and Benny Geiger (Weiz-
mann Institute) for useful discussions; Margaret Magendantz for advice
and guidance; Wendy Katz for her insight into the relationship between
erythrocyte morphogenesis and microtubule assembly; Bettina Winckier

Birgbauer and Solomon Marginal Band-associated Proteins

for advice on fixing and staining embryonic red blood cells; and several
members of our laboratory for valuable contributions.

E. Birgbauer was supported in part by a National Science Foundation
Predoctoral Fellowship, and in part by the National Institutes of Health
(NIH) Training Grant to the Department of Biology, Massachusetts Insti-
tute of Technology. This work was supported by a grant from NIH to F.
Solomon.

Received for publication 14 June 1989 and in revised form 30 June 1989.

References

Behnke, O. 1970a. A comparative study of microtubules of disk shaped blood
cells. J. Ultrastruct. Res. 31:61-75.

Behnke, O. 1970b. Microtubules in disk shaped blood cells. Inz. Rev. Exp.
Pathol. 9:1-92.

Bennett, V. 1985. The membrane skeleton of human erythrocytes and its impli-
cations for more complex cells. Annu. Rev. Biochem. 54:273-304.

Bloom, G. S., F. S. Luca, and R. B. Vallee. 1984. Widespread cellular distribu-
tion of MAP 1A in the mitotic spindle and on interphase microtubules. J.
Cell Biol. 98:331-340.

Borisy, G. G., J. M. Marcum, J. B. Olmsted, D. B. Murphy, and K. A. John-
son. 1975. Purification of tubulin and associated high molecular weight pro-
teins from porcine brain. Ann. NY Acad. Sci. 253:107-132.

Bretscher, A. 1983. Purification of an 80,000-dalton protein that is a component
of the isolated microvillus cytoskeleton, and its localization in nonmuscle
cells. J Cell Biol. 97:425-432.

Bretscher, A. 1989. Rapid phosphorylation and reorganization of ezrin and
spectrin accompany morphological changes induced in A-431 cells by
epidermal growth factor. J. Cell Biol. 108:921-930.

Bulinski, J. C., and G. C. Borisy. 1980. Immunofluorescence localization of
HeLa cell microtubule-proteins on microtubules in vivo and in vitro. J. Cell
Biol. 87:792-801.

Cohen, W. D. 1978. Observations on the marginal band system of nucleated
erythrocytes. J. Cell Biol. 78:260-273.

Cohen, W. D., D. Bartlet, R. Jaeger, G. Langford, and I. Nemhauser. 1982.
The cytoskeletal system of nucleated erythrocytes. I. Composition and func-
tion of major elements. J. Cell Biol. 93:828-838.

Connolly, J. A., V. L. Kalnins, D. W. Cleveland, and M. W. Kirschner. 1977.
Immunofluorescent staining of spindle microtubules in mouse fibroblasts
with antibody to tau protein. Proc. Natl. Acad. Sci. USA. 74:2437-2440.

Connolly, J. A., V. 1. Kalnins, D. W. Cleveland, and M. W. Kirschner. 1978.
Intracellular localization of the high molecular weight microtubule accessory
protein by indirect immunofluorescence. J. Cell Biol. 76:781-786.

Goniakowska-Witalinska, L., and W. Witalinski. 1976. Evidence for a correla-
tion between the number of marginal band microtubules and the size of ver-
tebrate erythrocytes. J. Cell Sci. 22:397-401.

Goslin, K., E. Birgbauer, G. Banker, and F. Solomon. 1989. The role of
cytoskeleton in organizing growth cones: a microfilament-associated growth
cone component depends upon microtubules for its localization. J. Cell Biol.
109:1621-1631.

Gould, K. L., J. A. Cooper, A. Bretscher, and T. Hunter. 1986. The protein-
tyrosine kinase substrate, p81, is homologous to a chicken microvillar core
protein. J. Cell Biol. 102:660-669.

Griffith, L. M., and T. D. Pollard. 1978. Evidence for actin filament-microtu-
bule interaction mediated by microtubule associated proteins. J. Cell Biol.
78:958-965.

Huber, G., D. Alaimo-Beuret, and A. Matus. 1985. MAP3: characterization
of a novel microtubule-associated protein. J. Cell Biol. 100:496-507.
Joshi, H. C., D. Chu, R. E. Buxbaum, and S. R. Heidemann. 1985. Tension
and compression in the cytoskeleton of PC12 neurites. J. Cell Biol.

101:697-705.

Kim, S., M. Magendantz, W. Katz, and F. Solomon. 1987. Development of
a differentiated microtubule structure: formation of the chicken erythrocyte
marginal band in vivo. J. Cell Biol. 104:51-59.

Kohler, G., and C. Milstein. 1975. Continuous cultures of fused cells secreting
antibody of predefined specificity. Nature (Lond.). 256:495-497.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (Lond.). 227:680-685.

Lazarides, E., and R. T. Moon. 1984. Assembly and topogenesis of the
spectrin-based membrane skeleton in erythroid development. Cell. 37:354—
356.

Lee, J. C., N. Tweedy, and S. N. Timasheff. 1978. In vitro reconstitution of
calf brain microtubules: effects of macromolecules. Biochemistry. 17:2783-
2790.

Magendantz, M., and F. Solomon. 1985. Analyzing the components of
microtubules: antibodies against chartins, associated proteins from cultured
cells. Proc. Nail. Acad. Sci. USA. 82:6581-6585.

Manser, T., and M. L. Gefter. 1984. Isolation of hybridomas expressing a
specific heavy chain variable region gene segment by using a screening tech-
nique that detects mRNA sequences in whole cell lysates. Proc. Natl. Acad.
Sci. USA. 81:2470-2474.

Miller, M., and F. Solomon. 1984. Kinetics and intermediates of marginal band

1619



reformation: evidence for peripheral determinants of microtubule organiza-
tion. J. Cell Biol. 99:2108-2113.

Murphy, D. B., and K. T. Wallis. 1983. Brain and erythrocyte microtubules
from chicken contain different beta-tubulin polypeptides. J. Biol. Chem.
102:628-635.

Murphy, D. B., W. A. Grasser, and K. T. Wallis. 1986. Immunofluorescence
examination of beta tubulin expression and marginal band formation in de-
veloping chicken erythrocytes. J. Cell Biol. 102:628-635.

Nachmias, V. T., J. Sullender, J. Fallon, and A. Asch. 1979. Observations on
the “cytoskeleton” of human platelets. Thromb. Haemostasis. 42:1661-
1666

O'Farrell, P. H. 1975. High resolution two-dimensional electrophoresis of pro-
teins. J. Biol. Chem. 250:587-590.

QOsborn, M., and K. Weber. 1982. Immunofluorescence and immunocytochem-
ical procedures with affinity purified antibodies: tubulin-containing struc-
tures. Methods Cell Biol. 24(Pt. A):98-132.

Pallas, D., and F. Solomon. 1982. Cytoplasmic microtubule-associated pro-
teins: phosphorylation at novel sites is correlated with their incorporation
into assembled microtubules. Cell. 30:407-414.

Parysek, L. M., C. F. Asnes, and J. B. Olmsted. 1984. MAP4: occurrence in
mouse tissues. J. Cell Biol. 99:1309-1315.

Peng, L., L. L. Binder, and M. M. Black. 1985. Cultured neurons contain a vari-
ety of microtubule-associated proteins. Brain Res. 361:200-211.

Rothwell, S. W., W. A, Grasser, and D. B. Murphy. 1985. Tubulin variants

The Journal of Cell Biology, Volume 109, 1989

exhibit different assembly properties. Ann. NY Acad. Sci. 466:103-110.

Sloboda, R. D., and K. Dickersin. 1980. Structure and composition of the
cytoskeleton of nucleated erythrocytes. 1. The presence of microtubule-
associated protein 2 in the marginal band. J. Cell Biol. 87:170-179.

Solomon, F. 1986. What might MAPs do; results of an in situ analysis. Ann.
NY Acad. Sci. 466:322-327.

Solomon, F., and M. Magendantz. 1981. Cytochalasin separates microtubule
disassembly from loss of asymmetric morphology. J. Cell Biol. 89:157-161.

Solomon, F., M. Magendantz, and A. Salzman. 1979. Identification with cellu-
lar microtubules of one of the co-assembling microtubule-associated pro-
teins. Cell. 18:431-438.

Swan, J. A., and F. Solomon. 1984, Reformation of the marginal band of avian
erythrocytes in vitro using calf-brain tubulin: peripheral determinants of
microtubule form. J. Cell Biol. 99:2108-2113.

Tablin, F., M. J. Reeber, and V. T. Nachmias. 1988. Platelets contain a 210K
microtubule-associated protein related to a similar protein in HeLa cells. J.
Cell Sci. 90:317-324.

Tobin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of pro-
teins from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proc. Natl. Acad. Sci. USA. 76:4350-4354.

Weingarten, M. O., A. H. Lockwood, S.-Y. Hwo, and M. W._ Kirschner. 1975.
A protein factor essential for microtubule assembly. Proc. Nati. Acad. Sci.
USA. 72:1858-1862.

1620



