
















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 13119 Antigen May Interact with Both 
Microtubules and Microfilaments 
The 13H9 antigen displays some properties ofa microtubule- 
associated protein. First, in adult erythrocytes, it colocalizes 
with the marginal band microtubules. Colocalization with 

microtubules in ceils 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 (left) 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 presem 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 phalioidin elsewhere in the cell. Bar, 5 tim. 

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. 
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