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Introduction

- One interesting field of cell biology concerns the molecular mechanisms underlying the sorting
. of membrane proteins to, and their retention in, specific subcellular organelles. It becomes more
aﬁ;:l more evident that the plasma membrane is subdivided into distinct regions, which might
f. constitute specific "organelle-like" functional compartments. A classical example is the plasma
membrane of epithelial cells, which is characterized by two functionally and structurally distinct
d :_mains, the apical and basolateral membrane. Both membrane domains differ from each other
- i _.%)rotein and lipid composition, and are spatially separated by the presence of tight junctions
- 13)
}' Asymmetric distribution of plasma membrane proteins in polarized epithelial cells is
achieved by three major mechanisms, which are not mutually exclusive [4-6]. First, newly
sgmhesazed membrane components are sorted at the level of the trans-Golgi network (TGN) or

: the basolaterdl endosome into carrier vesicles which are targeted to the appropriate membrane

domain [7-11]. Second, the selective proteolytic processing of randomly delivered membrane
g} ins at one specific cell surface leads to their enrichment in the opposite domain [12]. Third,
ﬁam mtegwl membrane proteins are selectively retained in the appropriate plasma membrane
mam whereas they are endocytosed from the other membrane domain and become quickly
eg&aﬁed{ib’ 16].

‘ ~ Mechanisms underlying the sorting of transmembrane proteins to the apical and
S(}fatcra plasma membrane domains have been the subject of intense studies during the last
enty years leading to the identification and characterization of several sorting signals (for a
/ e ref. [72].). For instance, short cytoplasmic amino acid stretches consisting of either
X osine or a di-leucine motif have been found to constitute basolateral sorting signals
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[17,18]. N- and possibly O-linked glycans [19,20], as well as association with specific
cholesterol/glycosphingolipid-rich membrane microdomains termed rafts [21], mediated by
either a GPI-moiety or a transmembrane segment, have been identified as potential apical
sorting signals [22-24]. Recently, cytoplasmic amino acid-based motifs have also been
proposed to act as apical sorting signals [25-27]. Finally, several studies using chimerae and/or
truncated membrane proteins have shown that a single membrane protein could contain more
than one type of sorting information, one acting dominant over the other [28-30].

Once targeted to the appropriate plasma membrane domain, certain integral membrane
proteins are specifically retained and concentrated in subdomains of either the apical or
basolateral plasma membrane [31-33]. In contrast to sorting information, very little is known
regarding the mechanisms involved in this retention and concentration (see below). Such
specific retention and concentration could provide a general explanation for plasma membrane
compartmentalization, and this not only in epithelial cells which contain tight junctions, but also
in non-epithelial cells [34]. Furthermore, it has been shown in epithelial cells that the polarized .
distribution of several apical cell surface glycoproteins does not depend on the presence of
functional tight junctions [5,35-37], suggesting that other fence mechanisms can operate in this
plasma membrane domain [38].

Our group has been studying the apical-basal polarity of neuroepithelial cells, which
constitute the inner layer of the neural tube of the vertebrate embryo and give rise to all neurons
and most ghial cells of the central nervous system [39]. Interestingly, during the transition from -
the neural plate stage to the neural tube stage, neuroepithelial cells loose functional tight
junctions [40] and polarity of certain plasma membrane proteins [41]. However, after neural
tube closure, not all plasma membrane proteins of neuroepithelial cells become randomly
distributed over the apical and basolateral plasma membranes. One of these plasma membratie
proteins is prominin [42] (see below). Remarkably, prominin is exclusively associated with

microvilli present at the apical domain of neuroepithelial cells which suggests that entry into,

fete

and retention in, microvilli may play an important role in the maintenance of apical-basal §; ‘
polarity of epithelial cells in the absence of tight junctions. 5; _
o
Prominin, a specific marker of plasma membrane protrusions
§& '

Prominin is a polytopic membrane protein that is present on the apical surface of several mouse
embryonic epithelia including neuroepithelial cells, and on the brush border membrane off;
epithelial cells lining the adult kidney proximal tubules [42]. It was first identified using the j

o 2

i

i

monoclonal antibody (mAb) 13A4 generated against E12 mouse telencephalic neuroepithelium,

five putative transmembrane domains with an N-terminal extraceliular domain and a

cytoplasmic C-terminal domain (Fig. 1).
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EXTRACELLULAR
SPACE

CYTOPLASM

Figure 1. Topological model of prominin. M1-MS5, putative transmembrane segments; E1-E3, extracellular
domains; I1-I3, cytopiasmic domains. The two large extracellular loops (domains E2 and E3) contain all eight

potential N-glycosylation sites (lollipops). Modified from Corbeil et al., 1999,

Its human orthologue [43,44], prominin (mouse)-like-1 (originally referred to as AC133
antigen), recently found to be expressed in epithelial cells (D.C., K.R., A. Hellwig, M.
Tavian, S. Miraglia, S.M. Watt, P.J. Simmons, B. Peault, D.W. Buck, W.B.H., manuscript
in preparation), was initially described in non-epithelial cells, i.e. hematopoietic progenitor cells
[45,46].  Although the function of prominin is unknown, the occurrence of
orthologues/paralogues in zebrafish (accession number: AF160970), Drosophila melanogaster
(accession number: AF127935) and C, elegans [42-44] suggests that this polytopic membrane
protein plays an important role from invertebrates to vertebrates,

One particularly interesting feature of prominin in epithelial cells is its selective
occurrence in specific subdomains of the apical plasma membrane. In epithelial cells with a
brush border, two structurally and functionally distinct subdomains of the apical plasmalemma
can be distinguished; (i) the microvilli, which enlarge the apical surface; and (i) an extended
system of clathrin coated pits located at the base of the microvilli [47-50]. In kidney proximal
tubules, prominin is restricted to the brush border membrane, where it appears to be
concentrated at the tips of the microvilli, and is largely excluded from the intermicrovillar
plasma membrane regions [42]. In the apical plasma membrane of neuroepithelial cells, which
contains less microvilli than the kidney brush border, prominin is associated with microvilli and
other small plasma membrane protrusions rather than the large planar subdomain [42].
Furthermore, this protrusion-specific localization of prominin does not depend on an epithelial
state of the cell. When prominin is ectopically expressed in fibroblasts such as CHO cells, it is
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also selectively found in plasma membrane protrusions such as microspikes, filopodia,
membrane ruffles and the leading edge of lamellipodia [42] (unpublished data).

Although the general mechanisms underlying the retention of membrane proteins in
plasma membrane protrusions has not been elucidated (see below), expression and localization
of prominin in epithelial and non-epithelial cells, as revealed that this mechanism is highly
conserved between these types of cells and may probably reflect a cell type-specific adaptation

of a process common to all eukaryotic cells.

Prominin contains dual targeting information

Recently, we could show that the enrichment of prominin in plasma membrane protrusions, i.e.
microvilli at the apical surface of polarized epithelial MDCK cells, is due to both sorting to the
apical membrane domain at the TGN level and subsequent retention in the microvillar
subdomain {5]. This dual “targeting” does not require the cytoplasmic tail of prominin and,

more interestingly, the selective retention of prominin in microvilli was maintained when

prominin-transfected MDCK cells were cultured in low-calcium medium [5], i.e. in the absence

i :v%

tight junctions [51]. These in vitro data resemble the in vivo situation observed in the
neuroepithelium (see Introduction). They suggest a potential role of the microvillar retention of
certain plasma membrane proteins in maintaining their polarized distribution even without

functional tight junctions, which would be achieved by preventing their lateral movement.

Retention of integral membrane proteins in the apical or basolateral domain

The retention of membrane proteins inside a specific plasmalemmal subdomain can be obtained
by direct protein-protein interactions occurring in that particular domain. For example, selective
anchoring of plasma membrane proteins to submembrancous cytoskeletal elements, and/or
specific interaction with other membrane proteins or extracellular components, are possible
alternative retention mechanisms.

Cytoskeletal interactions have been reported to explain the polarized distribution of the
Na'/K*-ATPase [14,52], the Na*/H"-exchanger [53] and the amiloride-sensitive Na* channel
[54] in epithelial cells, the latter two being captured on the apical side via association of their C-
terminal proline-rich domain with the SH3-domain of o-spectrin. In contrast, the Na*{i(@«
ATPase is maintained on the (baso)lateral side via binding to an ankynn/f(}drm!uvomanﬂ in
complex in MDCK cells [14], whereas in the retinal pigment epithelium, where the polarity of
some cytoskeletal components is reversed, a similar association with ankyrin restricts it to the

apical side [52].
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As shown more recently, several GABA-transporter subtypes contain a PDZ-interacting

allow these proteins to exert their function.

~ Retention of prominin in microvilli: facts and a hypothesis

Mécrwilli are a characteristic subdomain of the plasma membrane present not only in epithelial
;éiis [47], but also in non-epithelial cells, as for instance leukocytes. Physiological functions of
}rﬁcmv%lli are reflected by the specific membrane proteins found therein; cell adhesion molecules
in the case of leukocytes; brush border enzymes and transporters in the case of resorptive
_ epithelia. The molecular mechanisms underlying the retention of integral membrane proteins in
microvilli and other membrane protrusions are poorly understood [55-58]. To our knowledge,
it is not clear whether all microvillar membrane proteins interact with constituents of the
subplasmalemmal actin network such as brush-border myosin 1, ezrin or other members of the

ERM (ezrin-radixin-moesin) family, which are known to serve as general plasma membrane

protrusion—actin microfilament linkers [59,60], although some clearly do [61,62]. For certain
membrane proteins such as sucrase-isomaltase [63], the presence of “intact microvilli” appears
to be essential for their cell surface expression and polarized distribution,

In order to elucidate a possible association of prominin with components of the
microvillar cytoskeleton, prominin-transfected MDCK cells were solubilized in Triton X-100 in
the cold and fractionated into detergent-soluble and -insoluble material. Prominin appeared to be
completely soluble in Triton X-100 [5], as reported already for several brush border enzymes,
such as lactase-phlorizin hydrolase [64,65]. Interestingly, this brush-border hydrolase, like
prominin, has been found to be specifically associated with microvilli [66]. One interpretation
of these data is that prominin does not bind to cytoskeletal components. However, an alternative
possibility is that prominin is anchored to the cytoskeleton via a labile interaction which may
have been disrupted under our experimental conditions. To further investigate a putative
interaction of prominin with cellular components, we decided to explore other solubilization
conditions that might prevent such dissociation. Interestingly, the cell surface, microvilli-
associated form of prominin was found to be insoluble in cold Lubrol WX, another nonionic
detergent [67,68], whereas the ER form was completely soluble (manuscript in preparation).

In principle, two modes of interaction could cause the Lubrol WX insolubility of
prominin, (i) binding to cytoskeletal or extracellular matrix (ECM) constituents (referred to as
vertical interaction), and/or (ii) association with other transmembrane proteins or certain lipids
(referred to as lateral interaction). The latter type of interaction has been proposed to explain the

microvillar presentation of integrins in leukocytes. In this particular case, it was postulated that



78 K. Roper et al. / Distinct Lipid Microdomains

certain tetraspan proteins and other integrin-associated molecules form multimolecular
complexes with the integrins, and this complex formation may have a role in targeting/retention
of integrins in microvilli [57].

Further biochemical analysis of the microvilli-associated, . Lubrol WX insoluble
prominin suggested a lateral interaction. Interestingly, this insoluble complex showed several
characteristics of detergent resistant membrane microdomains (DRMMs) [22], including (i)
floatation to lower density fractions in sucrose density gradients; (ii) loss of insolubility at 37°C;
and (iii) 2 high content of cholesterol and glycolipids. In addition, removal of plasma membrane
cholesterol by means of methyl-B-cyclodextrin (m-B-CD) treatment led to the complete
solubilization of prominin in Lubrol WX at 4°C and to loss of floatation. Remarkably, m-p-CD
teatment resulted in the redistribution of prominin, as observed by cell surface
immunofluorescence, from an exclusively microvillar localization to a more homogeneous
distribution over the apical surface. The effects of cholesterol depletion were reversed by

refeeding the cells with cholesterol.

Taken together, these data suggest that a certain lipid composition and/or organization of
the lipid bilayer of microvilli and other plasma membrane protrusions is necessary (and perhaps
sufficient) to maintain prominin in its proper location. In analogy to the role of the length of
transmembrane segments in membrane protein retention in, vs. exit from, the Golgi complex
[69,70], a certain length of prominin’s transmembrane segments is possibly required for its

lateral diffusion into, and concentration in, plasma membrane protrusions. In this context, it is

interesting to note that four of the five predicted transmembrane segments of prominin contain
-5 amino acid residues and thus exceed the average length of the transmembrane segment of

plasma membrane proteins [69].

Distinct lipid microdomains as building blocks of the apical plasma membrane:

a model

The specific subcellular localization of prominin in the apical microvillar subdomain and its
complete solubilization in Triton X-100 but not Lubrol WX strongly suggest that the lipid
bilayer of this microdomain is sensitive to extraction by the former detergent but is preserved by
Lubrol WX. This differential detergent extraction may reflect the existence of at least two
distinct lipid microdomains at the level of the apical plasma membrane, characteristic of either
the microvillar plasmalemma (Triton X-100 soluble and Lubrol WX insoluble) or the plany
intermicrovillar plasmalemma (Triton X-100 and Lubrol WX insoluble) (Fig. 2).
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Fig.2 Formation of distinct lipid microdomains in the apical plasma membrane. The differential detergent
extraction properties of prominin and other apical plasma membrane protein constituents could reflect the
existence of at least two distinct lipid microdomains at the level of the apical plasma membrane. Striped area,
Lubrol WX insoluble and TX-100 soluble membrane; grey area, Lubrol WX and Triton X-100 insoluble
membrane). These microdomains could serve a role in retaining proteins at sites of their action, and/or, as both
domains seem to be formed already at the level of the TGN, in sorting of apical plasma membrane components.
PM: plasma membrane; TGN: trans-Golgi network; P: prominin; L: lactase-phlorizin hydrolase; G: GPI-linked

proteins.

Consistent with this proposal, Danielsen and van Deurs (1995) have observed that a GPI-linked
protein, the transferrin-like GPI-linked iron-binding protein (which was found to be insoluble
in Triton X-100 like other GPl-anchored proteins) was mainly localized in patches of flat or
invaginated apical membrane subdomains rather than at the surface of microvilli (see figure 3 in
[50]). Thus, the “affinity” of certain plasma membrane proteins to particular plasma membrane
lipids, as defined here by their solubility in different detergents (Triton X-100 vs. Lubrol WX),
could target these molecules to, and maintain them in, spatially distinct microdomains. It
remains to be established whether microvillar association of transmembrane proteins is
generally reflected by an insolubility in Lubrol WX (and solubility in Triton X-100), as
demonstrated here for prominin.
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It has been proposed that the Triton X 100 insoluble raft has a function in sorting of
newly synthesized plasma membrane components from the TGN to the cell surface, via the
formation of lipidic platforms that incorporate the cargo proteins [71] (see also Introduction).
As prominin achieves its Lubrol WX-insolubility during transport to the cell surface
(manuscript in preparation), it is tempting to speculate that the Lubrol WX-insoluble/Triton X-
100-soluble microdomain could also function in sorting (Fig. 2). Quantitative analysis of the
lipid composition of Lubrol WX-insoluble complexes as well as a comprehensive analysis of its
protein composition may reveal further details about the mechanisms involved in either sorting
to the apical domain or retention in a specific apical subdomain via this type of DRMM.

Acknowledgements

K.R. was supported by the Studienstiftung des Deutschen Volkes, D.C. was the recipient of fellowships from
the Medical Research Counsil of Canada and the Max-Planck-Society, W.B.H. was supported by a grant from the
Deutsche Forschungsgemeinschaft (SFB 352, C1).

References

[1] Diamond, J.M. The epithelial junction: Bridge, gate and fence. Physiologist 20, 10-18 (1977).

2] Dragsten, P.R., Blumenthal, R. & Handler, J.S. Membrane asymmetry in epithelia: Is the tight
junction a barrier to diffusion in the plasma membrane? Nauwre 294, 718-722 (1981).

[3] van Meer, G. & Simons, K. The function of tight junctions in maintaining differences in lipid

composition between the apical and basolateral cell surface domains of MDCK cells. EMBO J. 5, 1455-1464
(1986).

[4] Nussenzveig, D.R., Matos, M.d.F.C. & Thaw, C. Human calcitonin receptor is directly targeted to and

retained in the basolateral surface of MDCK cells. Am. J. Physiol, 275, C1264-C1276 (1998).

[5] Corbeil, D., Roéper, K., Hannah, M.J., Hellwig, A. & Huttner, W.B. Selective localization of the

polytopic membrane protein prominin in microvilli of epithelial cells- a combination of apical sorting anei

retention in plasma membrane protrusions, J. Cell Sci. 112, 1023-1033 (1999).

[6] Perego, C. ef al. PDZ-mediated interactions retain the epithelial GABA transporter on the basolateral

surface of polarized epithelial cells. EMBO J. 18, 2384-2393 (1999). 0
[7] Rodriguez-Boulan, E. & Nelson, J. Morphogenesis of the polarized epithelial cell phenotype. Science

245, 718-725 (1989).

[8] ~ Simons, K. ef al. Biogenesis of cell-surface polarity in epithelial cells and neurons. Cold Spring Harbor

Symp. Quant. Biol. 57, G11-619 (1992).



K. Réper et al. / Distinct Lipid Microdomains 81

[9]  Bartles, JR., Feracci, H.M., Stieger, B. & Hubbard, A.L. Biogenesis of the rat hepatocyte plasma
.‘memi’jfanc in vivo: comparison of the pathways taken by apical and basolateral proteins using subcellufar
fractionation. J. Cell Biol. 105, 1241-1251 (1987).

{10} Massey, D., Feracci, H., Gorvel, J-P., Rigal, A., Soulié, .M. & Maroux, S. Evidence for the transit
of aminopeptidase N through the basolateral membrane before it reaches the brush border of enterocytes. J.

Membr. Biol. 96, 19-25 (1987).
[11]  Matter, K., Brauchbar, M., Bucher, K. & Hauri, H.-P. Sorting of endogenous plasma membrane

proteins occurs from two sites in cultured human intestinal epithelial cells (Caco-2). Cell 60, 429-437 (1990).
[12]  Dempsey, P.J., Meise, K.S., Yoshitake, Y., Nishikawa, K. & Coffey, R.J. Apical enrichment of
human EGF precursor in Madin-Darby canine kidney cells involves preferential basolateral ectodomain cleavage
sensitive to a metalloprotease inhibitor. J. Cell Biol. 138, 747-758 (1997,

[13]  Caplan, M.J., Anderson, H.C., Palade, G.E. & Jamieson, 1.D. Intracellular sorting and polarized cell
surface delivery of Nat/K*-ATPase an endogenous component of MDCK cell basolateral plasma membranes.
Cell 46, 623-631 (1986).

[14] Hammerton, R.W. ez al. Mechanism for regulating cell surface distribution of Nat/K*T-ATPase in
polarized epithelial cells. Science 254, 847-850 (1991).

[15] Mays, RW. et al. Hierarchy of mechanisms involved in generating Na®/K*-ATPase polarity in
MDCK epithelial cells. J. Cell Biol. 130, 1105-1115 (1995).

[16] Wozniak, M. & Limbird, L.E. The three o2-adrenergic receptor subtypes achieve basolateral
localization in madin-darby canine kidney I cells via different targeting mechanisms. J, Biol. Chem. 271, 5017-

5024 (1996).
[17]  Hunziker, W., Harter, C., Matter, K. & Mellman, I. Basolateral sorting in MDCK cells requires a

distinct cytoplasmic domain determinant. Cell 66, 1-20 (19913,

[18]  Hunziker, W. & Fumey, C. A di-leucine motif mediates endocytosis and basolateral sorting of
macrophage IgG Fe receptors in MDCK cells. EMBO J. 13, 2963-2967 (1994).

[19]  Scheiffele, P., Periinen, J. & Simons, K. N-glycans as apical sorting signals in epithelial cells. Nature
378, 96-98 (1995).

[20]  Yeaman, C. er al. The O-glycosylated stalk domain is required for apical sorting of neurotrophin
receptors in polarized MDCK cells. J. Cell Biol. 139, 920-040 (1997,

[21]  Simons, K. & Ikonen, E. Functional rafts in cell membranes. Nature 387, 569-572 (1997).

[22]  Brown, D.A. & Rose, 1K Sorting of GPI-Anchored proteins to glycolipid-enriched membrane
subdomains during transport to the apical cell surface. Cell 68, 533-544 (1992).

[23]  Kundu, A., Avalos, R.T., Sanderson, C.M. & Nayak, D.P. Transmembrane domain of influenza virus
neuraminidase, a type Il protein, possesses an apical sorting signal in polarized MDCK cells. J. Virol. 70,

6508-6515 (1996).
[24]  Scheiffele, P., Roth, M.G. & Simons, K. Interaction of influenza virus haemagglutinin  with

sphingolipid-cholesterol membrane domains via its transmembrane domain. EMBO J, 16, 5501-5508 (1997).

[25]  Chuang, J.-Z. & Sung, C.-H. The cytoplasmic tail of rhodopsin acts as a novel apical sorting signal in

polarized MDCK cells. J. Cell Biol, 142, 1245-1256 (1998).



82 K. Riper et al. / Distinct Lipid Microdomains

[26] Muth, T.R., Ahn, J. & Caplan, M.J. Identification of sorting determinants in the C-terminal
cytoplasmic tails of the gamma-aminobutyric acid transporters GAT-2 and GAT-3. J. Biol. Chem. 273, 25616-
25627 (1998).

[27] Sun, A.Q. er al. Sorting of rat liver and ileal sodium-dependent bile acid transporters in polarized
epithelial cells. Am. J. Physiol. 275, G1045-1055 (1998).

[28] Powell, S.K., Lisanti, M.P. & Rodriguez Boulan, E.J. Thy-1 expresses two signals for apical
localization in epithelial cells. Am. J. Physiol. 260, C715-720 (1991).

[29]  Weisz, O.A., Machamer, C.E. & Hubbard, A.L. Rat liver dipeptidylpeptidase IV contains competing
apical and basolateral targeting information. J. Biol. Chem. 267, 22282-22288 (1992).

[30]  Jacob, R. et al. Hierarchy of sorting signals in chimeras of intestinal lactase-phlorizin hydrolase and the
influenza virus hemagglutinin. J. Biol. Chem. 274, 8061-8067 (1999).

[31] Nelson, W.I., Shore, EM., Wang, AZ & Hammerton, R.W. Identification of a membrane-
cytoskeletal complex containing the cell adhesion molecule uvomorulin (E-cadherin), ankyrin, and fodrin in
Madin-Darby canine kidney epithelial cells. J. Cell Biol. 110, 349-357 (1990).

[32] Beck, K.A. & Nelson, W.J. The spectrin-based membrane skeleton as a membrane protein-sorting

machine. Am. J. Physiol. 270, C1263-1270 (1996).
[33] Edidin, M. Patches and fences: probing for plasma membrane domains. J. Cell Sct. Suppl. 17, 165-

169 (1993).
[34]  Sheets, E.D., Simson, R. & Jacobson, K. New insights into membrane dynamics from the analysis of

cell surface interactions by physical methods. Curr. Op. Cell Biol. 7, 707-714 (1995).

[35]  Vega-Salas, D.E., Salas, P.J.I,, Gunderson, D. & Rodriguez-Boulan, E. Formation of the apical pole of
epithelial (MDCK) cells: Polarity of an apical protein is independent of tight junctions while segregation of a
basolateral marker requires cell-cell interactions. J. Cell Biol. 104, 905-916 (1587).

[36] Ojakian, G.K. & Schwimmer, R. The polarized distribution of an apical cell surface glycoprotein is
maintained by interactions with the cytoskeleton of Madin-Darby canine kidney cells. J. Cell Biol. 107, 2377-
2387 (1988). :
[37] Rodriguez, M.L., Brignoni, M. & Salas, P.J. A specifically apical sub-membrane intermediate filament
cytoskeleton in non-brush-border epithelial cells. J. Cell Sci. 107, 3145-3151 (1994). -
[38]  Salas, P.J.L, Vega-Salas, D.E., Hochman, J., Rodriquez-Boulan, E. & Edidin, M. Selective anchoring
in the specific plasma membrane: a role in epithelial cell polarity. J. Cell Biol. 107, 2363-2376 (1988).

[39] Huttner, W.B. & Brand, M. Asymmetric division and polarity of neuroepithelial cells. Curr. Opin.
Neurobiol. 7, 29-39 (1997).
[40]  Aaku-Saraste, E., Hellwig, A. & Huttner, W.B. Loss of occludin and functional tight junctions,
not ZO-1, during neural tube closure - remodeling of the neuroepithelium prior to neurogenesis. Dev. Br_ﬁ_bf:_{
664-679 (1996). |
[41]  Aaku-Saraste, E., Oback, B., Hellwig, A. & Huttner, W.B. Neuroepithelial cells downregulate their

plasgﬁa membrane polarity prior to neural tube closure and neurogenesis. Mech. Dev. 69, 71-81 (1997).



[42] Weigmann, A., Corbeil, D., Hellwig, A. & Huttner, W.B. Prominin, a novel microvilli-specific
polytopic membrane protein of the apical surface of epithelial cells, is targeted to plasmalemmal protrusions of
non-epithelial cells. Proc. Natl. Acad. Sci. USA 94, 12425-12430 (1997).

[43]  Corbeil, D., Roeper, K., Weigmann, A, & Huttner, W.B. AC133 hematopoietic stem cell antigen:
human homologue of mouse kicinéy prominin or distinct member of a novel protein family? Blood 91, 2625-
2626 (1998).

[44]  Miraglia, S., Godfrey, W. & Buck, D. A response to AC133 hematopoietic stem cell antigen: human
homologue of mouse kidney prominin or distinct member of a novel protein family. Blood 91, 4390-4391
(1998).

[45]  Yin, AH. et al. AC133, a novel marker for human hematopoietic stem and progenitor cells. Blood 90,
5002-5012 (1997).

[46] Miraglia, S. er al. A novel five-transmembrane hematopoietic stem cell antigen: isolation,
characterization, and molecular cloning. Bleod 90, 5013-5021 (1997).

[47]  Kerjaschki, D., Noronha-Blob, L., Sacktor, B. & Farquhar, M.G. Microdomains of distinctive
glycoprotein composition in the kidney proximal tubule brush border. J. Cell Biol. 98, 1505-1513 {1984).

[48] Rodman, J.S., Kerjaschki, D., Merisko, E. & Farquhar, M.G. Presence of an extensive clathrin coat on
the apical plasmalemma of the rat kidney proximal tubule cell. J. Cell Biol. 98, 1630-1636 (1984).

[49]  Biemesderfer, D., Dekan, G., Aronson, P.S. & Farquhar, M.G. Assembly of distinctive coated pit and
microvillar microdomains in the renal brush border. Am. J. Physiol. 262, F55-67 (1992).

[50] Danielsen, M.E. & van Deurs, B. A wansferrin-like GPI-linked iron-binding protein in detergent-
insoluble noncaveolar microdomains at the apical surface of fetal intestinal epithelial cells. J. Cell Biol. 131,
935-950 (1995).

[51] Gonzalez-Mariscal, L., Chdvez de Ramirez, B. & Cereijido, M. Tight junction formation in cultured
epithelial cells (MDCK). J. Membrane Biol. 86, 113-125 (1985).

[52] Rizzolo, L.J. & Zhou, S. The distribution of Na*/K*-ATPase and SA11 antigen in apical microvilli of
the retinal pigment epithelium is unrelated to alpha-spectrin. J. Cell Sci. 108, 3623-3633 (1995).

[53] Chow, C.-W. er al. Proline-rich motifs of the Na*/H*-exchanger 2 isoform. J. Biol. Chem. 274,
10481-10488 (1999).

[54] Rotin, D. e al. An SH3 binding region in the epithelial Na* channel (arENaC) mediates its
localization at the apical membrane. EMBO J. 13, 4440-4450 (1994).

[55]  von Andrian, U.H., Hasslen, S.R., Nelson, R.D., Erlandsen, S.L. & Butcher, E.C. A central role for
microvillous receptor presentation in leukocyte adhesion under flow. Cell 82, 989-999 (1995).

[56] Pavalko, F.M. et al. The cytoplasmic domain of L-selectin interacts with cytoskeletal proteins via
alpha-actinin: receptor positioning in microvilli does not require interaction with alpha-actinin. J. Cell Biol.

129, 1155-1164 (1993).
[57] Abitorabi, M.A., Pachynski, R.K., Ferrando, R.E., Tidswell, M. & Erle, D.]. Presentation of integrins

on leukocyte microvilli: a role for the extracellular domain in determining membrane localization. J. Cell Biol.

139, 563-571 (1997).



24 K. Roper et al. / Distinct Lipid Microdomains

[58] Hamer, L er al. Dual role of a dileucine motif in insulin receptor endocytosis. J. Biol. Chem. 272,
21685-21691 (1997).

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

[60] Mangeat, P., Roy, C. & Martin, M. ERM proteins in cell adhesion and membrane dynamics. Trends
Cell Biol. 9, 187-192 (1999).

[61]  Coudrier, E., Reggio, H. & Louvard, D. Characterization of an integral membrane glycoprotein
associated with the microfilaments of pig intestinal microvilli. EMBO J. 2, 469-475 (1983).

[62]  Yonemura, S. et al. Ezrin/Radixin/Moesin (ERM) proteins bind to a positively charged amino acid
cluster in the juxta-membrane cytoplasmic domain of CD44, CD43 | and ICAM-2. J. Cell Biol. 140, 885-895
(1998).

[63]  Costa de Beauregard, M.-A., Pringault, E., Robine, S. & Louvard, D. Suppression of villin expression
by antisense RNA impairs brush border assembly in polarized epithelial intestinal cells. EMBO J. 14, 409-421
(1995).

[64]  Danielsen, EM. Involvement of detergent-insoluble complexes in the intracellular transport of
intestinal brush border enzymes. Biochemistry 34, 1596-1605 (1995).

[65] Zheng, X., Lu, D. & Sadler, J.E. Apical sorting of bovine enteropeptidase does not involve detergent-
resistant association with sphingolipid-cholesterol rafts. J. Biol. Chem. 274, 1596-1605 (1999).

[66]  Jacob, R., Zimmer, K.P., Naim, H. & Naim, H.Y. The apical sorting of lactase-phlorizin hydrolase
implicates sorting sequences found in the mature domain. Eur. J. Cell Biol. 72, 54-60 (1997).

[67] Moosic, I.P., Sung, E., Nilson, A., Jones, P.P. & McKean, D.J. The selective solubilization of
different murine splenocyte membrane fractions with lubrol WX and Triton X-100 distinguishes two forms of Ia
antigens. A cell surface (alpha, beta) and an intracellular (alpha, Ii, beta). J. Biol. Chem. 257, 9684-9691
(1982).

[68]  Schmucker, B., Ballhausen, W.G. & Kressel, M. Subcellular localization and expression pattern of the
neurofibromatosis type 2 protein merlin/schwannomin. Eur. J. Cell Biol. 72, 46-53 (1997,

[69]  Bretscher, M.S. & Munro, S. Cholesterol and the Golgi apparatus. Science 261, 1280-1281 (1993).
[70]  Munro, S. An investigation of the role of transmembrane domains in Golgi protein retention. EMBO J.
14, 4695-4704 (1995},

[71]  Simons, K. & Wandinger-Ness, A. Polarized sorting in epithelia. Cell 62, 207-210 (1990},

[72]  Yeaman, C., Grindstaff, K.K., & Nelson, W.J. New perspectives on mechanisms involved in
generating epithelial cell polarity. Physiol. Rev. 79, 73-98 (1999).



