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The membrane skeletal complex (cortex) of euglenoids generates and maintains cell
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i. Introduction

The euglenoids are a relatively ancient group of mostly free-living unicellu-
lar protists that probably share a common lineage with the mostly parasitic
trypanosomatids (Willey et al., 1988; Cavalier-Smith, 1993). Other protists,
such as the ciliates and dinoflagellates, have less in common with euglenoids
and trypanosomes, but evidence from structural, biochemical, immunologi-
cal, and molecular studies indicates that there may be sufficient similarities
among all these groups—particularly with respect to the cell surface—that
might justify a comparative review of this specialized region of the cell
(Fleury et al., 1992; Baroin-Tourancheau ef al., 1992). This chapter focuses
on studies of the euglenoid cell surface complex, and also considers the
surface complexes of the trypanosomes, ciliates, and dinoflagellates. Spe-
cifically, we compare the organization and biochemistry of (1) the sur-
face coat and plasma membrane, (2) the membrane skeleton (epiplasm),
(3) the alveolar—endoplasmic reticulum (ER) system, and (4) the microtu-
bules, all of which appear to have broadly similar surface-associated func-
tions among some or all of these protists. These four systems or their
apparent analogs are general features of many protists that lack a cell wall,
and we argue that they not only act in concert to provide a partially
conserved, peripheral framework that maintains cell form and stability, but
they may also include a universal system (alveolus—ER) for the regulation
of surface assembly, surface motility, or possibly other functions that are
mediated by calcium, such as trichocyst discharge, enzyme activation, and
surface coat release.

Many of the detailed studies on the protist surface complex have been
carried out on cells that were fragmented by sonication in the presence or
absence of neutral detergents. Often the surface complex remains insoluble
after fractionation and it can then be separated from other cell components
by zonal or isopycnic centrifugation. The fact that the heterogeneous com-
ponents of the cell surface complex remain together strongly suggests that
they form part of a structural and probably functional unit. This unit has
been referred to as the cortex, pellicle, membrane skeleton, surface com-
plex, or surface isolate, and it may consist of more or less repetitive elements
such as the parallel longitudinal strips characteristic of the euglenoids or
the “scales” of ciliates such as Paramecium. Repetitive elements are not
readily apparent, however, on the surfaces of dinoflagellates. An interesting
property of the repetitive elements in many (possibly all) of these cortices
is their continuity during cytokinesis; that is, the surface complex does not
disassemble and then reassemble, but new cortical components are inserted
among all or some of the unaltered parental units in preprogrammed pat-
terns, as has been documented in the euglenoids and ciliates and which
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probably also occurs in trypanosomes and dinoflagellates. This concept of
“cortical inheritance’ has been exhaustively analyzed in ciliates (Frankel,
1989), and remains an area of considerable current interest and experimen-
tation (Iftode et al., 1989).

Because of the variation in terminology used for the surface complex by
different groups working with the same or different organisms, it is difficult
to adopt nomenclature applicable to all the organisms under consideration
in this review. Moreover, the isolated surface complex used for most bio-
chemical studies will not be the same as the complex in vivo. Soluble or
loosely bound proteins will certainly be lost during fractionation and labile
structures will not survive the sonication and neutral detergents frequently
used during surface isolation. As a reminder of these important differences,
we refer to the particulate surface complex as the “surface isolate” and to
the undisturbed complex in vivo by the terminology generally in use for
each organism.

il. Organization of the Cell Surface Complexes

The structural details of the somatic (i.e., excluding the oral apparatus,
flagellum, reservoir, and canal) surface complex in each of the four groups
under consideration have been well documented. The choice of the specific
genera from each group was based on the availability of relatively recent
or seminal studies rather than selection as a prototypical representative of
that group.

A. Euglenoids

In euglenoids the continuous plasma membrane of the exposed cell surface
is underlaid by a series of separate strips (membrane skeleton, epiplasm).
The maximum number of strips is fairly constant for a given genus: e.g.,
40 in Euglena gracilis, 16 in Distigma proteus, and 32 in Cyclidiopsis acus.
There are fewer strips at the cell posterior, where individual strips terminate
at different longitudinal positions. Each strip articulates or overlaps with
its neighbor. The overall surface architecture, generally described as ridges
and grooves, is the result both of the overlapping strips and the organization
of the strip itself. In the simplest cases such as E. gracilis, the strips are
basically “S”-shaped in transverse view (Fig. 1a) whereas in others such
as the large species E. ehrenbergii and E. oxyuris, strips are elaborately
modified, and strip projections may subtend adjacent strips (Fig. 1b). The
minor fold that appears in the surface between strip overlaps in these latter
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FIG. 1 (a) Schematic diagram of the surface complex of Euglena gracilis illustrating the
arrangements of the articulating membrane skeletal layer (ms), microtubules (m), and the
plasma membrane (pm). The endoplasmic reticulum is not illustrated. The membrane skeleton
directly abuts the plasma membrane in euglenoids. [From Dubreuil and Bouck. Reproduced
from The Journal of Cell Biology, 1985, Vol. 101, pp. 18841896 by copyright permission of
The Rockefeller University Press.] (b) The surface complex in Euglena ehrenbergii.
The membrane skeletal strips (ms) are structurally complex and overlap each other laterally
for considerable distances. The plasma membrane (not shown) covers the entire surface. The
endoplasmic reticulum (er) forms a complex network between the longitudinal strips and
extending laterally along the transverse plate-like projections (pp). [From Suzaki and William-
son {1986a), with permission.)
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species is the result of strip morphology and not strip overlap. There is
generally, however, one well-defined membrane skeletal (epiplasmic) strip
associated with each ridge and groove combination.

The two other major structural components of the euglenoid surface
complex are microtubules and cisternae of the endoplasmic reticulum. The
latter are closely associated with each strip and may be organized in two
dimensions as an extensive interconnected network of tubular or flattened
cisternae (Fig. 1b). Microtubules (MTs) are also associated with the strips,
and their number and position are more or less characteristic for each
euglenoid species. At least one MT is always located at the site of strip
articulation (Figs. 1a and 1b); others may be positioned along the anterior
margin of the strip, and still another set is often found at the cytoplasmic
“heel” or bend in the strip. The heel MTs are the most variable in number
in the surface complex of a single organism, and often are the most labile
during preparation of surface isolates.

B. Trypanosomes

In trypanosomatids, both cell form and the surface complex vary according
to the specific stage (e.g., procyclic, bloodstream) in the life cycle. Nonethe-
less, in many forms, such as Trypanosoma, the surface architecture has
several striking parallels with the euglenoid pattern, although it is structur-
ally less complex. The plasma membrane overlies a framework (basket,
corset) which consists primarily of parallel arrays of single, cross-linked
MTs (Seebeck er al., 1988a).

Portions of the MT corset still attached to the plasma membrane via
100-nm links are readily prepared from whole ceils. Microtubule links to
the plasma membrane almost certainly exist in the euglenoids (Gallo and
Schrével, 1982; Murray, 1983), but are generally obscured by the intervening
amorphous, membrane skeletal layer (Fig. 1la). Microtubules of the corset
of trypanosomatids are more or less evenly spaced and helically arranged;
their numbers are greatest in the central expanded region of the cell and
are less numerous toward the poles (Sherwin and Gull, 1989). On the
anterior longitudinal surface, the corset of MTs is interrupted by a flagellar
adhesion zone (FAZ), consisting of four specialized MTs and a closely
adhering segment of endoplasmic reticulum. Cisternae of the ER are also
associated with the MT corset (De Souza, 1986), although the association
is generally not as precise as that found with the strips of many euglenoids.
Absent, however, from all the trypanosomatids is a visible membrane skele-
tal (epiplasmic) layer, and pronounced ridges and grooves. A flagellar
pocket invaginates from the surface at the pole or in a more lateral position
(Vickerman and Preston, 1976). The arrangement of the flagellar pocket
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and the origin of flagella in trypanosomes appear to be analogous to the
canal and reservoir from which the flagella generally arise in the euglenoids.

C. Ciliates

In ciliates, a distinguishing feature of the surface complex is the alignment
of cilia and basal baodies in rows or kineties. The intricate cortex of the
ciliate Paramecium is further differentiated into cortical “epiplasmic scales”
or cortical “units” arranged in longitudinal rows; each unit is centered
around a ciliary basal body (Allen, 1988). The scales are surrounded later-
ally by a continuous “outer lattice” of fine fibers (Fig. 2a, ol), and the
entire cell surface is enclosed by the plasma membrane. Just internal to
the plasma membrane is a flattened cisternum known as the alveolus, and
just internal to the alveolus and closely associated with the inner alveolar
membrane is the amorphous or fibrous epiplasmic layer (Fig. 2a, e). En-
countered further inward are various collections of MTs and kinetodesmal
fibers that originate near the base of the kinetosome (basal body), and
finally a network of fibers (Fig. 2a, il) that comprise the Ca®*-binding,
contractile infraciliary lattice (Garreau de Loubresse et al., 1991). In many
ciliates the alveolar sacs, the epiplasm, and the plasma membrane are each
a continuum, albeit with interruptions to accommodate organelles such as
the cilia, basal bodies, and trichocysts. Most other ciliates are not delineated
or restricted by units or scales (e.g., Fig. 2b). The alveolar sac is structurally
comparable to the endoplasmic reticulum of the euglenoids except that its
position is now inserted between the plasma membrane and the epiplasm
and MTs, whereas in euglenoids the ER cisternae lie below (centripetal
to) the epiplasm and microtubules. The position of the alveolar sac external
to the epiplasm in ciliates may be an adaptation to accommodate the

FIG.2 (a) The complex cortex of the ciliate Paramecium viewed at three levels (A, B, C).
The outermost level (A) consists of the plasma membrane (pm) underlaid by the inner (iam)
and outer (oam) membranes of the alveolus. Cilia (ci) protrude through these membranes.
Further inward (B level), the epiplasm (e) is partitioned into scales or units delineated by
the fibers of the outer lattice (ol). At the innermost C level, basal bodies (bb) with their
associated kinetodesmal fibers (kf) and microtubules (not shown) are surrounded by the
meshwork of the inner lattice (il). [From Keryer et al. (1990) reprinted with permission.]
(b) Cortex of the ciliate Pseudomicrothorax dubius. The thick epiplasm (e) lies between the
microtubules and the alveolus (a). The cortex is not divided into scales, but rows of basal
baodies (bb) are arranged linearly into kineties. Postciliary (p) and transverse (t) microtubules
arise near the basal bodies. [From Peck (1977), reprinted with permission from the Journal
of Cell Science and Company of Biologists, Ltd.]
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remodeling of the cell surface similar to that proposed for dinoflagellates
during the development of surface plates. In the ciliate Euplotes, for exam-
ple, surface plates are deposited within the alveolar sacs as the alveolus is
partitioned into discrete polygonal sectors.

D. Dinoflagellates

Dinoflagellates are thought to be closely related to the ciliates (Lee and
Kugrens, 1992) but the cortical pattern is not divided into the regular scales
or kineties (rows of basal bodies and attendant fibers) that characterize
some ciliates. In dinoflagellates the cortex consists of a multiple membra-
nous cell covering (amphiesma) subtended by MTs. The amphiesma in-
cludes a plasma membrane to which is fused a single layer of amphiesmal
vesicles. In some cells a layer of epiplasm is assembled between the amphies-
mal vesicles and the cortical MTs {(Cachon and Cachon, 1974; Hohfeld
and Melkonian, 1992). In armored (thecate) cells, the amphiesmal vesicle
contains a thick, ornamented cellulosic plate, whereas in athecate (naked)
cells the vesicle encompasses no formed structures. Thecate cells are gener-
ally rigid in comparison to athecate cells, which may undergo dynamic
shape changes. As part of the cell cycle in some dinoflagellates, most of the
amphiesmal vesicle is shed (via ecdysis), and the epiplasmic layer thickens to
strengthen the cell surface; the inner amphiesmal vesicle membrane then
becomes the new plasma membrane.

The structural studies summarized here suggest that there may be signifi-
cant similarities between the organization of the cortex of euglenoids and
that of at least some members of three other groups of protists. For example,
in addition to the universal plasma membrane, these commonalities include
an alveolar/ER-like component, an epiplasmic layer, and microtubules.
Although there is significant variation among different organisms within
each group, the basic cortical structures can generally be recognized. In
the following sections these four cortical components are examined in
more detail to assess whether these structural similarities extend to the
biochemical and functional levels as well.

lll. Biochemistry, Physiology, and Molecular Biology of
the Surface Complex

A. Plasma Membrane and Surface Coats

1. Euglenoids

“Mucilage” secretion reportedly occurs to some extent in all euglenoid
flagellates (Leedale, 1967), but the biochemistry of extracellular carbohy-
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drates has not been extensively analyzed in this group. Certain euglenoids
such as Trachelemonas develop complex envelopes in which mucilaginous
secretions become impregnated with manganese and/or iron. The size,
ornamentation, shape, and collar (through which the locomotory flagellum
extends) characteristics are species specific. The cell is initially naked and
either secretes a mucilaginous “skin” that is later lost (Leedale, 1975;
Barnes et al, 1986; Dunlap er al, 1986), or it secretes mucilage that is
mineralized directly with iron and/or manganese (Dunlap and Walne, 1985).
The mucilage envelope of several Trachelemonas species and of the related
euglenoid Strombomonas conspera stain with alcian blue at pH 2.5 and 1.3,
suggesting the presence of sulfated aminoglucans, possibly specialized for
Mn?* binding in some cases (Dunlap et al., 1986). Early studies on the
cytochemistry of the extracellular coats are summarized by Willey et al.
(1977), who also conclude from their own studies that the mucilaginous
stalk of the euglenoid Colacium mucronatum consists of neutral or slightly
acidic carbohydrates with widely spaced anionic groups in low concentra-
tion. The central stalk region is periodic acid Schiff (PAS) positive and
alcian blue negative, suggesting that at least two types of carbohydrates
are secreted during stalk formation.

The “mucus” of E. gracilis var. bacillaris extracted using a salyEDTA
solution (Marmur’s solution) was separated into an SDS-soluble (sodium
dodecyl sulfate at 100° C for 4 hr) and an SDS-insoluble gelatinous fraction
(Cogburn and Schiff, 1984). The insoluble fraction, which comprised about
20% of the total mucus, stained with alcian blue and contained little cova-
lently bound sulfate as judged from its infrared spectrum and from the
absence of incorporation of *°S. Resistance to hydrolysis in 1 N HCl together
with its staining properties suggested that this SDS-insoluble gelatinous
fraction contained uronic acids. The mucus fraction soluble in hot SDS
(alcian blue negative) was separated by SDS—polyacrylamide gel electro-
phoresis (PAGE) and yielded 18 polypeptides of which 16 were also PAS
positive and thus designated as glycoproteins. Pentose sugars released after
acid hydrolysis of the total SDS-soluble mucus fraction were identified
after chromatography on silica gel thin-layer plates (one-dimensional) as
rhamnose, fucose, and xylose. Unidentified hexoses were also present
(Cogburn and Schiff, 1984). Surprisingly, these results are remarkably simi-
lar to those derived from analyses (Nakano et al., 1987) of saccharides by
gas-liquid chromatography of hydrolyzates of surface isolates (pellicles)
of E. gracilis Z strain, which has little or no surface mucus (Rosowski,
1977). For example, rhamnose was the most abundant saccharide
(23.3 mol%), followed by xylose (21.1 mol%), fucose (20.4 mol%), and
arabinose (10.7 mol%). Hexoses (glucose, galactose) together comprised
10.3 mol% of the total sugars; trace amounts of 3.4 mol% glucosamine and
1.2 mol% uronic acid were also reported. No sialic acids could be detected,
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nor was there evidence for galactosamine-—a common component of many
biomembranes (Nakano et al., 1987). At least some of the glucose reported
by Nakano et al. (1987) must be associated with glycolipids because UDP-
[*H] glucose was readily incorporated into chloroform—methanol extracts
of deflagellated whole cells and of isolated cell surface complexes (Chen
and Bouck, 1984; Bouck and Chen, 1984). Since UDP-glucose probably
does not enter these cells, it seemed likely that surface-associated glucosyl-
transferases glycosylated surface lipids. Cations greatly enhanced UDP-
[*H] incorporation. Two radiolabeled peaks were eluted from LH-60 col-
umns; each of these peaks separated with different M,s after thin layer
chromatography (TLC), suggesting that there were at least two distinct
glycolipids on the plasma membranes of Euglena gracilis.

As E. gracilis var. bacillaris enters the stationary phase of growth, the
amount of mucus, estimated by quantitative alcian blue binding, continues
to increase (Cogburn and Schiff, 1984), whereas in E. gracilis Z, starvation
under most conditions has little effect on mucus production or encystment.
If, however, the media is depleted of nitrogen for 48-72 hr in the dark, cells
rapidly develop into cysts, with a concomitant secretion of mucilaginous ma-
terial apparently via the Golgi system and reservoir (Triemer, 1980). This
mucilage has not been characterized except for a positive reaction with the
periodic acid-silver methenamine reaction—a general test for polysaccha-
rides.

Because there is no detectable mucilage coat in log phase cultures of E.
gracilis strain Z, plasma membrane-associated glycoproteins and glycolipids
can be assayed directly. Using fluoresceinylated lectins, Bré er al. (1984)
reported evidence for galactose and N-acetylgalactoseamine. The apparent
number of lectin sites determined from Scatchard plots of fluorescinyl-HpA
binding varied between exponential and stationary cells, the latter having
two- to threefold fewer high-affinity lectin binding sites. Contrary to earlier
reports (Vannini et al, 1981) of concanavalin A (Con A) (mannose—
glucose-specific) binding, Bré et al. (1984) found no accessible Con A bind-
ing sites in their studies. A more complex pattern of surface glycoconjugates
was apparent when the surface isolates of these same cells were separated
by SDS-PAGE and tested in the gels for lectin binding, for carbohydrate
content (PAS procedure) and for covalently bound lipids (Sudan black B
staining). At least 8 PAS-positive polypeptides were identified and their
localization over the entire cell surface confirmed in situ with the PAS-
methenamine method. This pattern of localization and the observation that
the relative migration of some of the surface complex polypeptides were
altered in Bi,-starved cells, suggested (Bré et al., 1984) that such surface
changes might be functional homologs to the antigenic variation triggered
in surface coats of some ciliates by environmental factors (see below). From
the lectin-binding properties of the polypeptide bands and from analyses by
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gas-liquid chromatography, Bré et al. (1986a) concluded that the pentoses,
rhamnose, xylose, and fucose were the most abundant sugars, whereas
the hexoses, mannose, galactose, and the hexosamine N-acetylglucosamine
were present in smaller amounts. The predominance of pentose sugars thus
seems to be a general characteristic of euglenoid surfaces, and these sugars
may be associated with mucus coats, glycoproteins, or glycolipids.

Two specific integral membrane proteins of the plasma membrane of eu-
glenoids have been studied in some detail—a high-molecular weight protein
from Distigma and a 39-kDa protein from E. gracilis. Surface isolates from
Distigma proteus, negatively stained with uranyl acetate, displayed crystalline
arrays of particles arranged in paired rows positioned at about a 35-degree
angle to the direction of the surface folds (Murray, 1983). The clarity of the
EM images in this study and the ordered particle arrangement permitted the
reconstruction by Fourier techniques of a three-dimensional model of the
particles and their positions relative to underlying MTs. Each particle ap-
peared to be roughly pentagonal and protrude as a ring or annulus about
2.5nm from the outer membrane surface. The protein was described as almost
featureless on the cytoplasmicsurface of the plasma membrane and its molec-
ular weight was estimated from the reconstructions as about 540 kDa. Be-
cause it resisted extraction after repeated washes in solutions of pH 4~-9, and
in 1 M salt, the protein was considered to have properties consistent with
those of an integral membrane protein. Labeling of intact cells with diazo-
tized [**I)iodosulfanilic acid produced after SDS-PAGE high-molecular-
weight, iodinated polypeptide that barely entered the gel, and a series of
iodinated lower molecular weight polypeptides (Murray, 1983). Unfortu-
nately, no additional work with this interesting protein has yet been pub-
lished, and nothing further is known of its biochemistry or function. It may
be unique to the cell surface of Distigma, as membrane proteins of similar
size have not yet been recorded in other euglenoids.

The 39-kDa protein (IP39) of E. gracilis is an integral membrane pro-
tein because it is resistant to extraction from the plasma membrane by
100 mM NaOH and by 1 M NaCl (Dubreuil and Bouck, 1985). A diagnostic
peculiarity of IP39 is its propensity to form higher order oligomers of
approximately 68 kDa, and often at 110 and 140 kDa even under the
extreme denaturing conditions used for standard SDS-PAGE (Dubreuil
et al., 1988). Radioiodination of intact cells did not label IP39 whereas IP39
was heavily iodinated when radioiodination was carried out on surface
isolates (Dubreuil et al., 1988). These results suggested that IP39 lacked
an iodinatable external domain but did contain an exposed cytoplasmic
region (Fig. 3). Recent experiments indicate, however, that IP39 separated
by SDS-PAGE is PAS positive, and therefore probably has an external
glycosylated domain (S. Sodin and G. B. Bouck, unpublished observations).
Digestion of plasma membranes with papain resulted in loss of the iodinated
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FIG.3 Proposed arrangement of articulins and IP39 in Euglena gracilis. Potential phosphoryla-
tion sites (P) on IP39 are based on 3’P-labeling and proteolysis experiments. Phosphorylation
(P) of articulins has been demonstrated but sites are arbitrary. (Drawing courtesy of Dr.
Marc Fazio.)

domain and a loss in the ability of plasma membranes to bind membrane
skeletal proteins (Dubreuil and Bouck, 1988; Rosiere et al., 1990). The
cytoplasmic domain was phosphorylated by endogenous protein kinases
both in vive and in vitro when whole cells or the surface were incubated
respectively with y-[>?P]ATP or [**PJorthophosphate (Fazio et al., 1995).
The radiolabeled phosphoamino acids were identified as phosphothreonine
and phosphotyrosine, suggesting that IP39 is a substrate for at least two
endogenous protein kinases (Fazio et al., 1995). Detergent-solubilized IP39
can itself phosphorylate casein, indicating that it is a threonine-serine
protein kinase. The significance of IP39 both as a kinase and as a protein
kinase substrate is not yet known. It seems likely, however, that phosphory-
lation is involved in the interactions between IP39 and the major membrane
skeletal proteins (articulins), since the phosphorylation sites in IP39 are
mostly within the specific domain that interacts with articulins (Fig. 3)
(Fazio et al., 1995). This cytoplasmic domain is defined by sequential prote-
olysis of surface isolates; i.e., it is resistant to trypsin but is lost after
subsequent papain digestion (Dubreuil and Bouck, 1988; Rosiere et al,
1990).

The 38- and 64-kDa chloroform--methanol-soluble proteins identified by
Bré et al. (1986a) in E. gracilis as Sudan black B positive (lipoproteins) are
probably identical to IP39 and its 68-kDa oligomer, suggesting that lipids may
be covalently bound to IP39. In E. acus integral plasma membrane, proteins
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of 64 and 140 kDa (probably oligomers of IP39) were glycosylated (dansyl
chloride positive) and reportedly iodinated in intact cells (Bricheux and
Brugerolle, 1986). Except for the inability to demonstrate iodination in whole
E. gracilis (Dubreuil et al., 1988), E. gracilis, and E. acus appear to have
similar integral membrane proteins.

2. Trypanosomes, Ciliates, and Dinoflagellates

In trypanosomes, the plasma membrane may have a continuous coat of
variant surface glycoproteins (VSGs); these have received a great deal of
attention. The VSGs may represent up to 10% of the total cell protein, and
the composition of the coat plays an important role in the survival of the
parasite. The repertoire of coat proteins, which may have similar secondary
and tertiary structures (Blum ez al, 1993), in parasitic trypanosomes may
be encoded by more than 1000 specific genes. When coupled to their capac-
ity for conversion by homologous recombination, these genes can produce
a potentially inexhaustible supply of different coat proteins (antigenic varia-
tion) for evasion of the host immune system (Caron and Meyer, 1989; Pays
et al,, 1994). In the mammalian bloodstream form of Trypanosoma brucei,
the expression of a specific member of this VSG repertoire is regulated
both by the telomeres and by DNA rearrangements that transpose the
gene to the telomeric region of the chromosome. The VSG genes are
expressed as polycistronic units which also encode unrelated but surface-
associated proteins, the expression-site associated genes or ESAGs (see,
for review, Vanhamme and Pays, 1995). In the procyclic or insect-dwelling
form of Trypanosoma, a different kind of surface protein (procyclic acidic
repeat protein or PARP, Fig. 4a) is expressed by genes that are not associ-
ated with the telomeres (Hehl et al., 1994).

In contrast to the nearly limitless varieties of VSGs of trypanosomes, the
surface antigens of ciliates [ca. 300-kDa Sags or i-ags in Paramecium (Prat et
al., 1986; Preer, 1986; Preer ef al., 1987; Nielsen et al., 1991) and the 25-59-
kDa i-ags or immobilization antigens in Tetrahymena (Williams et al., 1985;
Love et al., 1987; Smith et al., 1992)] are restricted to less than a dozen anti-
genicvariants for each strain of Paramecium, and up to 40 variants in Tetrahy-
mena (Doerder et al., 1996). DN A rearrangements are not required for ciliate
surface antigen expression (Forney et al., 1983; Gilley et al., 1990; Leeck and
Forney, 1994; Martin et al., 1994), and coat switching has no known function.
Variable surface antigens from both ciliates and trypanosomes do, however,
share several interesting properties: (1) generally, only one type of antigen
is expressed at one time on the cell surface (mutual exclusion), and (2) the
coat protein is bound to the plasma membrane by means of a glycosyl-phos-
phatidylinositol (GPI) anchor (see, for reviews, Cross, 1990; Weinhart et al.,
1991; Englund, 1993; McConville and Ferguson, 1993).
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The GPI anchor consists of a more-or-less conserved core glycan of three
mannose residues and one N-glucosamine attached to myo-inositol, which
in turn is coupled via a phosphate ester to dimyristoyl glycerol in the specific
VSGs of Trypanosoma brucei. At the other end of the glycan core, the
first mannose is linked to ethanolamine through a phosphate ester (Fig.
4b). Among the trypanosomatids, there may be wide variations in this
general theme, particularly with respect to sugar substitutions to the glucan
core, and the type of lipid associated with the membrane (see, for review,
McConville and Ferguson, 1993). In the ciliate Tetrahymena mimbres, the
specific link between the second and third mannose of the core is al-3
instead of the usually conserved al-6 (Weinhart et al., 1991). In the ciliate
Paramecium primaurelia, the core glycan is substituted with mannosylphos-
phate, and the anchoring lipid is ceramide based (Azzouz et al., 1995).
During assembly of the surface coat in trypanosomes, the putative GPI-
linked protein is first modified by removal of a carboxy-terminal hydropho-
bic domain that lacks strong sequence identity among different proteins,
and then the protein is covalently coupled at its cleaved carboxy-terminal
to the completely or nearly completely assembled GPI anchor in the endo-
plasmic reticulum (Ferguson and Williams, 1988; Masterson et al., 1989;
Undenfriend and Kodukula, 1995). The fully assembled complex is then
transported to the plasma membrane (Duszenko er al, 1988). GPIs of
leishmanias may be inserted into the plasma membrane without attached
proteins (Fig. 4a, GPILs) (McConville and Ferguson, 1993).

The possible functions of GPI-linked proteins in trypanosomatids have
been considered (Cross, 1990; McConville and Ferguson, 1993): GPIs-
linked proteins, or GPIs alone with their bulky glucans and saccharide
substitutions, can provide an impenetrable glycocalyx (Fig. 4a), making it
difficult for degradative enzymes of the host phagosome or components of
the immune system to access the plasma membrane. In addition, the absence
of a transmembrane domain isolates GPI-linked proteins from the interior
of the cell, thereby preventing the effects of damaged surface proteins or
transmission of inappropriate signals to the cytoplasm. And GPI-anchored
proteins can undergo high levels of protein packing (e.g., 107 molecules/

FIG.4 (a) Representation of the cell surfaces of different developmental stages of Trypano-
soma brucei and Leishmania. A dense glycocalyx of GPIs or GPI-linked proteins is evident,
although the specific molecules of the glycocalyx differ for each stage. Numbers correspond
to the approximate quantity of each molecule per cell. [From McConvilie and Ferguson (1993),
reprinted with permission. ] (b) Structure of GPI anchor from 7. brucei (variant 117) illustrating
the membrane-associated lipid, the core glycan, and protein attachment site. The core glycan
is substituted with galactose residues (arrowheads) in this specific variant. [Modified from
Englund (1993).]
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cell in trypanosomes) while occupying limited membrane space that might
be better used for functional transmembrane channels and transmembrane
enzymes (McConville and Ferguson, 1993). Finally, proteins with strictly
extracellular functions are localized to their sites of activity. For example,
GPl-linked trans-sialidases of trypanosome trypomastigotes can transfer
sialic acids from host membranes to GPI-anchored mucins of the parasite—
strictly extracellular events that do not require signals from the cytoplasm
to help generate a highly negatively charged parasite cell surface (Schenk-
man et al., 1994) through acquisition of sialic acids.

In summary, GPI-linked proteins are not restricted to the ciliates and
trypanosomatids, but they appear to be more common among protozoa than
in other groups (Cross, 1990). Although well suited to manage extracellular
processes, GPI-linked proteins cannot provide direct support or anchorage
for the internal membrane skeleton because they lack cytoplasmic domains.
Thus unlike the role of IP39 in Euglena, it is unclear how the plasma
membrane remains bound to the alveolar or epiplasmic regions in the
cortex of ciliates with GPI-proteins. Despite their prevalence in trypanoso-
matids and some ciliates, GPI-linked proteins and variant surface antigens
have not yet been identified in the euglenoids or in the dinoflagellates. The
discovery, however, that the actin-binding protein ponticulin found in the
plasma membrane of Dictyostelium is both a transmembrane and a GPI-
linked protein provides precedence for more complex arrangements for
GPl-linked proteins (Hitt et al., 1994). Perhaps it would be revealing to
assay IP39 from Fuglena for GPI-type anchorage, since IP39 appears to
have covalently bound lipids (Bré et al., 1986a). The major surface-associ-
ated proteins are listed in Table L.

B. Membrane Skeleton (Epiplasm]

1. Englenoids

Two proteins with molecular masses of about 80 and 86 kDa were identified
as the principal components (>60%) of the membrane skeletal layer
(epiplasm) of Euglena gracilis (Dubreuil and Bouck, 1985). Studies with
E. acus demonstrated that the epiplasm in this species also consisted in part
of two major proteins (80 and 70 kDa) termed ‘‘euglenidines” (Bricheux and
Brugerolle, 1986). An additional protein of 180 kDa was also shown by
immunogold labeling to be associated with the epiplasmic layer. These
proteins were judged by Bricheux and Brugerolle (1986) to be rich in
disulfide bonds because the reducing agent 3-mercaptoethanol was required
in all extraction solutions that solubilized the epiplasmic layer. In further
studies (Bricheux and Brugerolle, 1987), proteins with broadly similar mo-
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TABLE |
Plasma Membrane and Surface Coats
Principal Molecular mass Antigenic GPI
Organism (glyco)protein (kDa) Function variations anchored
Euglenoids 1P39 39 Anchor for No Not known
articulins
Mucins Heterogeneous Barrier? No Not known
Trypanosomes VSGs 50-60 Barrier Yes, Yes
infinite
Tetrahymena  Immabilization 300 ? Yes, few Yes
antigens variations
(i-ags)
Paramecium Immobilization 100 ? Yes, few Yes
antigens variations
(Sags)
Dinoflagellates Not known Not known — — —

lecular weights (70-90 kDa) were identified in eight additional species of
euglenoids. In some species the epiplasmic proteins could be resolved into
several isoforms: most migrated as fairly basic proteins after isoelectric
focusing. Epiplasmic proteins from different species of euglenoids were
recognized by the same antibodies and thus appeared to share immunologi-
cal determinants (Bricheux and Brugerolle, 1987).

cDNAs for both the 80- and 86-kDa proteins from E. gracilis were cloned
and sequenced (Marrs and Bouck, 1992), and they appeared to be related
members of a novel class of membrane skeletal proteins that were termed
“articulins.” Although only 37% identical in amino acid content, both the
80- and 86-kDa articulins had similar tripartite organizations, which con-
sisted of amino- and carboxy-terminal domains separated by a central region
of over thirty 12-amino acid repeats. The repeats were characterized by a
VPVPV motif; proline and valine together made up about 40 mol% of the
total amino acid composition of each articulin. Unexpectedly, in view of
the requirement for 8-mercaptoethanol in solubilizing the membrane skele-
ton of various euglenoids (Bricheux and Brugerolle, 1987), there was only
one cysteine residue in the 80-kDa articulin and two cysteines in the
86-kDa articulin, making it unlikely that these proteins were cross-
linked to each other by disulfide bonds. Possibly, articulins are embedded
in a disulfide-mediated matrix consisting of other, less abundant proteins
of the membrane skeleton, such as the 180-kDa protein or others. The
molecular mass predicted for both articulins from the amino acid composi-
tion was about 72 kDa (Marrs and Bouck, 1992), which was at variance
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with the estimates (80 and 86 kDa) made from protein migration af-
ter SDS-PAGE. Thus either the proteins are extensively modified post-
translationally, or more likely, they migrate anomalously in SDS-
polyacrylamide gels. The latter interpretation was supported by experi-
ments in which 86-kDa articulin was overexpressed in bacteria (Li, 1996),
where it undergoes no post-translational additions. The overexpressed 86-
kDa articulin still migrated near 86 kDa after SDS-PAGE. The 80- and
86-kDa articulins can, however, also be post-translationally modified, as
both proteins were phosphorylated in vivo (whole cells) and in vitro (surface
isolates) by endogenous protein kinases (Fazio et al., 1995). The significance
of this phosphorylation is not yet known.

2. Ciliates and Dinoflagellates

Biochemical and immunological data on the properties of the epiplasm
(see Peck, 1977, for review of early work and definition of epiplasm) has
been steadily accumulating for a number of different ciliates, particularly
Paramecium, Tetrahymena, Euplotes, Pseudomicrothorax, and the entodini-
omorphids. The epiplasm of ciliates generally lies below (centripetally to)
the alveolar sacs and forms a distinct, continuous layer in the somatic cell
cortex (i.e., exclusive of the oral apparatus and cilia). There are considerable
variations on this theme. In Paramecium, for example, the epiplasm is not
continuous, but is restricted to ‘“‘scales” that collectively constitute the
somatic cortex (Fig. 2a). Fractions enriched in somatic cortices of Parame-
cium displayed no especially prominent polypeptide that might be com-
pared with the two abundant articulins in the euglenoid membrane skeletal
complex. An antibody (CTR 211), however, originally raised against human
lymphoblast centrosomes, fortuitously recognized a 45-kDa polypeptide on
immunoblots of cortical polypeptides from Paramecium tetraurelia, and
localized to the epiplasm after inmunofluorescent and immunogold labeling
(Keryer et al., 1990).

More recently, monoclonal antibodies generated against a Triton-X 100-
soluble fraction of purified cortices identified in immunoblots a collection
of about 20 polypeptides ranging in molecular mass from 33 to 45 kDa
(Nahon et al., 1993). After two-dimensional isoelectric focusing and SDS-
PAGE, these were further resolved into about 60 immunopositive spots.
The polypeptides, collectively termed ‘‘epiplasmins,” all responded simi-
larly to extraction with 1 M Kl and 4 M urea, and were localized to the
epiplasm by immunofluorescent and immunogold labeling. One of the
monoclonal antibodies against these epiplasmins cross-reacted in immu-
noblots with the ciliates Pseudomicrothorax dubius and Euplotes aediculatus
and the flagellate, Euglena acus, but did not bind to polypeptides from
the ciliates Tetrahymena pyriformis, Colpidinium campylum, or Paraurostyla
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weissei (Nahon etal., 1993). The molecular masses of the cross-reacting bands
were not provided, so it is not known whether the polypeptides recognized in
the blots correspond to the 80- and 86-kDa articulins of Euglena. Additional
studies with monoclonal antibodies suggested that the biochemical heteroge-
neity of the epiplasmins of Paramecium might also reflect organizational het-
erogeneity within the epiplasmic layer (Curtenaz and Peck, 1992; Jeanmaire-
Wolf et al., 1993); that is, different monoclonal antibodies labeled different
regions of the epiplasm in EM sections of the cell cortex.

Unlike the multiple, related polypeptides that were isolated from the
epiplasm of Paramecium, the epiplasm of the closely related ciliate Tetrahy-
mena consisted of three major high-molecular-weight proteins—A, B, and
C (Williams et al., 1987, 1989a, 1995). Band A (235 kDa) was conserved
among all tested species of Tetrahymena, whereas bands B and C varied
in molecular masses among different species (Williams et al., 1984). Each
of these proteins (A, B, and C) had different but overlapping distributions
within the epiplasm, suggesting that (1) they were not heterodimers or
heterotrimers, and (2) the epiplasm was not of uniform composition (Wil-
liams et al., 1995). Moreover, the more or less protein-specific recognition
by different monoclonal antibodies indicated that proteins A, B, and C each
had distinct epitopes (Williams et al., 1995). Peptide maps and sequencing of
each protein should be particularly useful in further resolving the related-
ness among this well-defined set of major epiplasmic proteins. Another
family of proteins termed “K” antigens with molecular masses of 39—
44 kDa were localized to asymmetric epiplasmic domains surrounding the
basal bodies in Tetrahymena (Williams et al., 1990). These K antigen-rich
domains seem to exclude or render inaccessible antibodies against the
A, B, and C epiplasmic proteins. Studies carried out on metabolically
radiolabeled cortical proteins in Tetrahymena suggested that there may be
significant turnover of epiplasmic proteins (Vaudaux and Williams, 1979);
similar data on the stability of the epiplasm are not yet available for any
of the other cortical systems.

In the entodiniomorphid ciliates (e.g., Entodinium, Eudiplodinium,
Epidinium, and Polyplastron), which live in the digestive tract of various
mammalian hosts, the fibrous-appearing epiplasm lies directly in contact
with the plasma membrane without an intervening alveolar sac. Studies
with monoclonal antibodies demonstrated that there were both similarities
and differences among the 31-, 58-, 62-, and 68-kDa epiplasmic proteins
extracted from different species in this group (Sghir and David, 1995). The
58-kDa polypeptide, which was distinct from tubulin (Vigues and David,
1989), appeared to be the major epiplasmic protein. A 43-kDa protein with
some antigenic similarity to the intermediate filament protein vimentin has
been localized to the epiplasmic/plasma membrane interface; antibodies
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against this protein did not cross-react on immunoblots with polypeptides
from FEuglena acus or Euglena gracilis (Sghir et al., 1994).

Dinoflagellate epiplasm, when present, has not been well characterized. A
single biochemical study (Métivier et al., 1987) on the epiplasm of Noctiluca
scintillans identified 45-, 95-, and 220-kDa proteins in detergent-resistant
fractions of whole cells. The 45-kDa protein migrated with actin in two-
dimensional isoelectric focusing (IEF)/SDS gels, but produced peptide maps
that were different from actin, did not decorate with heavy meromyosin,
did not inhibit DNase I activity, and were not recognized by antibodies
against actin. Antibodies against the 45-kDa protein recognized the epiplas-
mic layer after immunogold staining. The two other cortical proteins at 95
and 220 kDa were not further characterized. Proteins from the dinoflagellate
Noctiluca and epiplasmic proteins from ciliates and euglenoids were shown
to have common epitopes by antibody labeling (Vigues er al., 1987). Anti-
bodies generated against the Euglena acus 78-kDa articulin localized to both

TABLE Il
Epiplasms of Selected Protists
Proteins Antiepiplasm ab
Organism Position (name) Sequence cross-reactivity
Euglenoids Subplasma 80 and 86 kDa  VPVP--repeats eu x Ps, d
membrane (articulins) (Vigues et al,
1987)
Trypanosomatids — — — —
Paramecium Subalveolus 33 to 45 kDa — P x Ps, eu, Ep
(ciliate) (epiplasmins) (Nahon et al.,
1993)
Pseudomicrothorax  Subalveoius 60, 76-80 kDa  VPVP-repeats Psx P, t, Ep
(ciliate) (articulins) (Curtenaz et
al., 1994)
Tetrahymena Subalveolus 235 kDa, etc. —_
(ciliate) Bands A,
B,C
Euplotes (ciliate) Intra-alveolus 97, 125 kDa —
(plateins)
Entodiniomorphid  Subplasma 31, 43, 58, 62 —
ciliates membrane and 68 kDa
Dinoflagellates Intra-alveolus, 43 kDa —
subplasma
membrane

Ep, Euplotes; eu, euglenoids; d, dinofiagellates; P, Paramecium; Ps, Pseudomicrothorax;
t, Tetrahymena.



CORTICAL STRUCTURE AND FUNCTION IN EUGLENOIDS 287

the epiplasmic layer and the thecal plates in the dinoflagellate, Glenodinium
(Bricheux et al.,, 1992). Naked (athecal) dinoflageliates contain a number
of contractile and noncontractile filamentous systems that are either re-
stricted to a specific region of the cortex or are transcellular (Cachon et al.,
1994). Some of these filaments appear to be noncontractile actin filaments;
others are centrin-based contractile fibers (Hohfeld et al., 1994; Godart and
Huitorel, 1992; Roberts and Roberts, 1991),

The summation of these and other studies (Table IT) supports the generally
accepted notion that the proteins of the epiplasm among these different gen-
era or even within different species of the same genus may vary widely in
molecular masses and biochemical properties. However, reports of immuno-
logical cross-reactivities among different epiplasmic proteins, often from dis-
tantly related genera (Vigues ez al., 1987, Nahon et al., 1993; Curtenaz et al.,
1994) have suggested that there may be conservation of secondary structure
or of the primary sequence of specific protein domains. A striking confirma-
tion of epiplasmic protein conservation was evidenced when the cDNA for
a 60-kDa (p60) epiplasmic protein of the ciliate Pseudomicrothorax was se-
quenced (Huttenlauch et al., 1995). From the deduced amino acids, this pro-
tein was found to have regions with remarkable similarities to the 12-amino
acid VPVPV-—-repeats of the articulins of the flagellate Euglena gracilis
(Marrs and Bouck, 1992). There were 24 repeats in the fully sequenced 60-
kDa epiplasmic protein in Pseudomicrothroax, in contrast to the >30repeats
in the articulins of E. gracilis (Table III). The 60-kDa protein was a minor
component of the epiplasm (Huttenlauch and Peck, 1991); a group of poly-
peptides around 7680 kDa and a second group of 11-13 kDa were quantita-

TABLE il
Sequences and Distribution of Articulins

Size of  Size of Proline +

protein®  protein® valine No. of  Consensus sequence of

Organism” (kDa) (kDa) (%) repeats repeats?
Euglena gracilis 80 72.1 40 33 VPVPVeviV-v-
Euglena gracilis 86 71.9 39 33 VPVPy-V---Ve
Pseudomicrothorax 60° 60.9 36 24 VPVP--V-V-Vp

dubius
OVERALL CONSENSUS =VPVP-..V.V.V.-

2 Fuglena data from Marrs and Bouck (1992); Pseudomicrothorax data from Huttenlauch
et al. (1995).

® Determined by SDS-PAGE.

¢ Deduced from amino acid sequence.

4 Upper case, present in >50% of repeats. Lower case, present in >33% of repeats.

¢ Partial sequence of peptides of 78-80 kDa have similar repeats.



288 G. B. BOUCK AND H. NGO

tively more abundant. Partial sequence analysis, however, of the 76—-80-kDa
epiplasmic proteins of Pseudomicrothorax confirmed the presence of similar
VPVPV---repeats (Huttenlauch et al., 1995). If articulins are also found in
dinoflagellates, as might be tentatively inferred from the immunological data
(Vigues et al., 1987), and in other protists as predicted by Huttenlauch et al.
(1995), then the rather wide range of molecular weights of epiplasmic pro-
teins found among different organisms might be the result of variable num-
bersof articulin repeats and/or modifications of the less conserved amino-and
carboxy-terminal nonrepeat domains (Huttenlauch et al., 1995). Obviously,
only after sequencing epiplasmic proteins from dinoflagellates and other pro-
tists will the extent and degree of identity among epiplasmic proteins of the
protist membrane skeletons be fully known.

C. The ER/Alveolar System

1. Euglenoids

Early EM studies on Euglena showed that a tubular membrane system was
always associated with each ridge of the surface complex (Leedale, 1967).
Other than noting its presence, relatively little attention was given to this
putative endoplasmic reticulum until Murray (1981) found that when the
euglenoid Astasia longa grown in medium containing calcium chloride was
incubated with potassium oxalate, deposits of calcium oxalate appeared
within this ER cisternae. This ER consisted of parallel tubes within each
surface ridge with occasional cross-connections and other connections into
deeper parts of the cytoplasm. Direct binding assays with “*Ca?* using
isolated surface complexes of Astasia revealed high-affinity Ca®* binding
sites, and Ca®* binding was enhanced with MgCl,. A “crude” fraction of
isolated microsomes (ER) accumulated Ca?* in an ATP-dependent manner
and released Ca®* when incubated with caffeine, an alkaloid that also causes
shape changes in intact cells (Murray, 1981). Based on the amount of
calcium oxalate deposited in the ER, calcium concentration within the
cisternae was estimated at 2 m M. These findings were of potential functional
significance because shape changes (euglenoid movements) were found in
the same study to be sensitive to exogenously added calcium. Murray
suggested that each strip must be an independent motor unit which in some
way was affected by calcium stores in the ER or elsewhere. Further support
for this hypothesis came from detailed studies that clearly demonstrated
that (1) strips slide relative to one another during cell movements in Euglena
fusca (Suzaki and Williamson, 1985, 1986a,c), and (2) low levels, of calcium
(1077 M) were sufficient to cause irreversible cell contraction, presumably
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by strip sliding, in detergent-permeabilized models of Astasia longa; ATP
strongly enhanced this effect (Suzaki and Williamson, 1986b).

Several calcium-binding proteins have been cloned from euglenoids. Cal-
modulin, a small (ca. 17 kDa) Ca?*-binding protein, well characterized in
other eukaryotes, was directly purified from Fuglena gracilis Z, digested
with trypsin and V8 protease, and the released peptides sequenced (Toda
et al,, 1992). The amino acid sequence was 92% identical to calmodulin
from Trypanosoma, but differed from all previously sequenced calmodulins
in trimethylation of the terminal lysine. The intracellular localization of
calmodulin in euglenoids is not yet known. cDNA for a second calcium-
binding protein was recovered while screening a Fuglena cDNA expression
library with antibodies against an unrelated protein (Gumpel and Smith,
1992). The amino acid sequence deduced from the cDNA predicted a
74-kDa protein which had sequence similarities with known calcium-
binding proteins. Direct demonstration of calcium binding was carried out
after overexpression of the cDNA in Escherichia coli. The calcium-binding
protein contained 30 repeats with an acidic 23-amino acid motif in which
aspartic acids (24.9%) predominated (Gumpel and Smith, 1992). The amino-
terminal consisted of hydrophobic amino acids suggestive of a signal se-
quence; consistent with this interpretation, the polypeptide was processed
to a lower molecular weight from after in vitro translation of the cDNA in
the presence of pancreatic microsomal vesicles. Although no ER retention
signal (e.g., KDEL) was identified, it seems likely that this protein is either
transported to the cell surface or retained in one of the compartments (ER,
Golgi) en route to the cell surface. Unusual targeting to other organelles,
however, cannot be ruled out in euglenoids (Kishore et al, 1993; Sulli
and Schwartzbach, 1995). Nonetheless, this 74-kDa protein remains an
intriguing candidate for a calcium modulating protein within the calcium-
accumulating ER system of the surface complex of Euglena.

The close proximity and often the molding of ER to the conformation
of the membrane skeletal strips in euglenoids, as seen especially well in E.
ehrenbergii (Fig. 1b), is strikingly reminiscent of the alveolar system of
other protists, as discussed later. In trypanosomatids there may be “‘exten-
sive sheet-like cisternae of ER close to the microtubules” in many forms
(Vickerman and Preston, 1976; Pimenta and De Souza, 1985; De Souza,
1989). Thus, although the ER of the cell surface may be less well defined
than in the related euglenoids, it is positioned in trypanosomes to modulate
cortical functions that are calcium dependent such as invasion of host cells
(Docampo and Moreno, 1995); microtubule-membrane linker proteins
(MAPs) of the cortex may also be caicium regulated (see later discussion).
Reports that the relatively stable peripheral microtubules are selectively
depolymerized by calcium (50-100 mM) in Trypanosoma (Dolan et al.,
1986) and in the euglenoid Distigma (Murray, 1984) indicated that calcium
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could influence the microtubule—tubulin equilibria. Whether calcium affects
MAPs or microtubules directly was not determined in these experiments.

2. Ciliates and Dinoflagellates

In Paramecium, the alveolus lies just internal to the plasma membrane, and
is defined by inner and outer alveolar membranes which in fact are the mar-
gins of a continuous flattened sac-like system (Fig. 2a). One of the proposed
functions of the alveolus, calcium accumulation, has been experimentally
tested in a series of definitive experiments using intact Paramecium for local-
ization, and isolated surfaces from Paramecium for physiological studies
(Stelly et al., 1991). These latter authors conclude that the alveolus in these
cells is a “‘vast submembranous calcium storage compartment” which could
mediate three major calcium-responsive organellar systems: cilia, trichocysts,
and cytoskeletal networks of the cortex (Stelly et al,, 1991). The intraciliary
lattice, for example, functions as a Ca®*-sensitive contractile system in Para-
mecium (Garreau de Loubresse et al., 1988, 1991). Direct evidence for cal-
cium accumulation within the alveolus was obtained by incubating cells with
antimonate and osmic acid, which produced dense deposits, presumably cal-
cium antimonate, along the inner margin of the alveolus as well as in mito-
chondria and trichocyst tips, as expected. Isolated cell surfaces from Percoll
gradients with more or less intact alveoli were assayed for uptake of *3Ca?*.
Calcium accumulation in these fractions required both ATP and MgCl,, and
uptake was related to calcium concentration. The calcium ionophore A23817
caused almost immediate release of the stored calcium (Stelly er al., 1991).
Thusin Parameciumit can be inferred that one of the functions of the alveolus
parallels that proposed for the cortical membrane skeletal ER in euglenoids,
i.e., calcium regulation and/or storage.

The alveolus in other ciliates such as Tetrahymena and Pseudomicrothorax
has not been extensively analyzed although it seems reasonable to expect
that they also will be found to mediate calcium release and sequestration. In
Pseudomicrothorax dubius, however, there are striated deposits associated
with the lumenside of the inner alveolar membrane, suggesting that processes
in addition to calcium regulation can also take place within this compartment
(Hausmann, 1979). More dramatic examples of intra-alveolar assembly have
beenfound in the ciliate Euplotesin which the alveolusis divided by septa into
individual compartments. Each compartment contains a distinct flattened
polygonal structure that together with its neighbors forms an “epiplasmic
layer” of separate articulating plates (Williams ez al., 1989a). Biochemicaily,
the plates consist in part of polypeptides of approximately 97 kDa and an-
other distinct set at 125 kDA the term “plateins” was proposed for these
proteins (Kloetzel, 1991). Plateins from E. eurystomus and E. aediculatus
were probed on immunoblots with different monoclonal antibodies (Wil-
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liams, 1991); individual plateins were found to have varying degrees of core-
cognition, suggesting that there were both similar and unique epitopes among
the plateins from different species of Euplotes.

Dinoflagellates display perhaps the most dramatic and dynamic modifi-
cation of an alveolus-like compartment (amphiesmal vesicle, thecal vesicle)
which is located between the plasma membrane and the underlying microtu-
bules. Thecal plates, when present, are initially assembled within this com-
partment, but during development or environmental stress the plasma mem-
brane, outer amphiesmal membrane, and thecal plates are shed. The inner
amphiesmal membrane then becomes the new plasma membrane (Bricheux
et al., 1992; Hohfeld and Melkonian, 1992), and a new amphiesmal vesicle
appears between the subtending microtubules and the new plasma mem-
brane. The vesicles are reportedly derived from an ER network that lies
adjacent to the epiplasm (Cachon and Cachon, 1984). During the assembly
of a new thecal plate within the new amphiesmal vesicle, a temporary
layer—the “pellicle,” encloses the ecdysed cell as a temporary cyst
(Bricheux et al.,, 1992; Hohfeld and Melkonian, 1992). The four-layered
pellicle is derived from expansion of material that initially subtended the
amphiesmal plate, and was exposed after ecdysis of the thecal plate. Thus
the amphiesmal layer with enclosed plates interchanges with the pellicle
layers (four distinct layers) in thecate cells as the protective cell covering.
Polyclonal antibodies generated against the 70-kDa articulin of Euglena
acus were incubated with cells at various stages of recovery after forced
ecdysis (shedding) of the mature thecal layer in the dinoflagellate Glenodi-
nium foliaceum (Bricheux et al., 1992). The inner homogeneous layer of
pellicle formed immediately after ecdysis was recognized by Euglena anti-
78-kDa antibodies, but in mature cells the thecal plate within the amphies-
mal vesicle was recognized. Unfortunately, proteins could not be recovered
from the insoluble thecal plates for identification of immunoblots (Bricheux
et al., 1992), so that the specific moiety identified by these Euglena antiarti-
culin antibodies could not be determined. Earlier studies using iodine stain-
ing, partial digestion with cellulase (Loeblich, 1970), calcofluor white, and
Congo red staining (Klut et al., 1988) suggested that the thecal plates and/
or other portions of the amphiesma contained glucose polymers (Loeblich,
1984), possibly cellulose or hemicellulose. Acid mucopolysaccharides (Klut
et al., 1985) and the plant terpenoid sporopollenin (Morrill and Loeblich,
1981) may also be components of the amphiesmal plates or membranes.

In summary, the alveolus or alveolus-like (membrane skeletal ER, amphi-
esmal vesicles) chambers that are common to many protists (Table IV) ap-
pear to be regions where cations (Ca*) and/or perhaps proteins and glyco-
proteins are sequestered either reversibly (presumably Ca?*) or irreversibly
(e.g., plateins or Euplotes; thecal plate proteins and carbohydrates of dino-
flagellates). Embedding the alveolus within the cell cortex ensures that its
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TABLE WV
Cortical Chambers

Organism  Cortical vesicle Ca?* storage Plates within Position in cortex
Euglenoids ER Yes No Internal to membrane skeleton
Trypanosomes ER Yes No Internal to corset
Paramecium®  Alveolus Yes No Between pm® and epiplasm
Euplotes” Alveolus ? Yes Between pm and epiplasm
Dinoflagellates Amphiesma  ? Yes/no© Between pm and epiplasm

¢ Ciliates.

b pm, plasma membrane.
¢ Only armored (thecate) forms with plates.

products are immediately accessible to the surface complex. The presence in
some organisms of epiplasmic proteins within alveolus-like compartments
would not be inconsistent with a general function. That is, if the epiplasm
consisted of formed structures such as plates (e.g., Euplotes), then their mod-
eling might require templates determined by the form and contents of the
alveolar sacs or imprints in the membrane of the alveolus. Thus far there are
no biochemical details available on purified alveolar membranes, and few
decisive biochemical studies on alveolar contents. Studies such as those car-
ried out with Paramecium (Stelly et al., 1991), when extended to other organ-
isms, particularly the dinoflagellates, should help to verify whether the alveo-
lus is a general organelle used by many different protists as we speculate here,
or a specialized compartment that is restricted to a specific subset of protists,
the alveolates (Cavalier-Smith, 1993).

D. Microtubules

1. Euglenoids

As in other eukaryotes, MTs in euglenoids assemble from «- and B-tubulins;
v-tubulins have been identified in some protists (Oakley, 1994), but not yet
in the euglenoids. Consistent with the well-known conservation of tubulin
structure, bovine brain tubulins readily polymerized on presumptive micro-
tubule organizing centers of the euglenoid plasma membrane (Murray, 1984).
Reports of a single incomplete MT in the region of strip overlap in the eugle-
noid Distigma proteus (Gallo and Schrével, 1982; Murray, 1984) appear to
be an exception to the 13-protofilament tubular wall that is generally found in
MTs of euglenoids, and in MTs from most other eukaryotes (See, for review,
Burns and Surridge, 1994). In vitro reassembly of Distigma MTs (Murray,
1984) under conditions in which tubulins assemble into partial MTs with di-
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rectional hooks (Heidemann and McIntosh, 1980) revealed that the faster
growing MT end (+ end) was directed toward the cell posterior. This finding
is in accord with the anterior to posterior growth of daughter strips during
surface duplication (see later discussion). Microtubules of the surface com-
plex are more stable than those of most other eukaryotic cytoplasmic micro-
tubules. In Distigma, for example, MTs in isolated surface complexes were
resistant to depolymerization by colchicine, p-fluorophenylaline, griseoful-
vin, nocodazole, benomyl, and 0°C (Murray, 1984); in surface isolates of E.
gracilis, MTs were also structurally unaffected by colchicine and 0° C (Du-
breuil and Bouck, 1985). Itis not yet known whether this stability is the result
of tubulin modifications or their association with specific MT-associated
proteins (MAPS). Soluble tubulins of Euglena gracilis were phosphoryi-
ated in vitro by endogenous protein kinase(s), but in vivo microtubules of
the membrane skeleton were not phosphorylated after incubation with P-
orthophosphate (Fazio et al., 1995). Whether soluble pools of tubulins be-
come phosphorylated in living cells remains to be determined.

Surface isolates from Euglena gracilis Z yielded PAS-positive 54—
56-kDa polypeptides after SDS-PAGE; immunoblots of similar prepara-
tions revealed 54-56 kDa polypeptides that were recognized by four antitu-
bulin antibodies (Bré er al., 1986a). These polypeptide bands also bound
several lectins [concanavolin A (Con A) peanut agglutinin (PA), and soy-
bean agglutinin (SA)]. The putative glycosylated tubulins were fairly resis-
tant to extraction with the neutral detergent N-40, raising doubts as to
whether they were membrane associated and therefore similar to the
membrane-associated, glycosylated tubulins reported in several other sys-
tems (see, for review, Bré er al, 1986a). N-40 alone, however, does not
effectively solubilize plasma membrane proteins of Euglena (Dubreuil and
Bouck, 1985), so that the glycosylated tubulins could be membrane associ-
ated. No further details of the location, or of the types of sugar moieties
associated with these tubulins is known. The relative mobility of the putative
glycosylated tubulin bands is altered, however, in vitamin B;, starved cells
(Bré€ er al, 1986a,b). Thus tubulin modifications might be related in some
way to the growth patterns of the membrane skeletal ridges which are also
affected by vitamin By, starvation (Bré and Lefort-Tran, 1978; Lefort-Tran
et al., 1980; Bré et al., 1986a). Because of their insensitivity to the more
commonly used pharmacological MT poisons, the role of MTs in develop-
ment of the surface complex in euglenoids has not been experimentally
tested; a systematic application of other reagents (e.g., trifluralin, rhizoxin,
oryzalin) that have proved effective against the stable MTs of the trypano-
somids (Chan and Fong, 1990; Robinson et al., 1995) and other organisms
(Schnepf et al., 1990) might prove to be useful for euglenoids as well.

The relative positions and helical-to-longitudinal orientation (i.e., parallel
to the strips) of MTs is fairly constant for a given species of euglenoid. In
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Distigma proteus, MTs lie at an angle of about 35 degrees to the direction of
the rows of membrane particles, and from electron diffraction studies it was
evident that the “position of each microtubule is not independent of its neigh-
bor, rather, all are fixed relative to some common coordinate system. A likely
candidate is the array of particles embedded in the membrane” Murray
(1983). This latter study demonstrated that there was a correspondence be-
tween the regular pattern of the membrane particle arrays and the predicted
position of MAPs attached to MTs. The position of a hypothetical MAP ap-
peared to coincide exactly with the position of a membrane particle in every
second row. The adjacent row of membrane particles had binding sites only
for every second MT. Thus each MT was capable of independent movement
from its neighbor, since they were never attached to the same row of mem-
brane particles (Murray, 1983). This rather satisfying hypothesis predicts that
during development the arrangement of membrane particles precedes rather
than follows the arrangement of the MTs and their MAPs. Other euglenoids
do not generate the large membrane particles described for Distigma, but all
euglenoid plasma membranes studied by freeze-fracture display an intra-
membrane organization consisting of regularly spaced striations or particles
oriented at about 35 degrees to the direction of the MTs (Miller and Miller,
1978); these striations might represent membrane protein arrays that are sub-
tle versions of the large Distigma particles.

Both B-tubulin (Schantz and Schantz, 1989) and a-tubulin (Levasseur ez
al., 1994) of Euglena gracilis have been cloned and sequenced. Each of the
deduced amino acid sequences is >90% identical to its counterpart among
other protist tubulins; the greatest overall identity is with the tubulins of
trypanosomes. Generally, the carboxy-terminal regions of tubulins from
different species show the greatest divergence in their amino acid composi-
tion (see, for review, Burns and Serridge, 1994), but the carboxy-terminal
regions of both a- and B- tubulins in Euglena gracilis have only a few
conservative substitutions compared with those of Trypanosoma brucei (see
Levasseur et al., 1994, for further discussion). The carboxy-terminal is often
the binding domain for microtubule associated proteins; possibly MAPs of
Euglena, which have not yet been identified, and the more thoroughly
studied MAPs of Trypanosoma will prove to have similar MT binding sites.

2. Trypanosomes, Ciliates, and Dinoflagellates

Microtubules are the principal structural elements of the membrane skeletal
complex of trypanosomes, and therefore must provide the major mechanical
support for the plasma membrane, and rigidity for the whole cell. Two-
dimensional polyacrylamide gel electrophoresis revealed that the peripheral
MTs of Trypanosoma consist of one 8- and two a-tubulin isoforms; one of
the a-tubulin isoforms is the primary translation product, the other isoform
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appears to be an acetylated derivative of the primary polypeptide (Schnei-
der et al., 1987). As with the euglenoids, the peripheral MTs are unusually
resistant to extraction by a variety of buffers, are not affected by low
temperatures, and are insensitive to many MT-depolymerizing reagents.

Among possible mechanisms that affect MT stability are reversible post-
translational modifications such as acetylation (L’Hernault and Rosen-
baum, 1983), tyrosination (Thompson, 1982), glutamylation (Audebert et
al., 1993), glycylation (Redeker et al., 1994), phosphorylation (Serrano et
al., 1987; Gurland and Gundersen, 1993), and/or association with MAPs
(see, for review, Hemphill ef al, 1992). Using a monoclonal antibody,
acetylated MTs were localized to both transient (mitotic) and to the more
permanent peripheral and flagellar MTs in Trypanosoma (Schneider et al.,
1987; Sasse and Gull, 1988), suggesting that acetylation alone does
not ensure MT stability (see, for review, Gelfand and Bershadsky, 1991).
Tyrosinated MTs have been found in different MT fractions, but antibody
localization studies revealed distinct zones of tyrosinated tubulins at the
ends of individual MTs, indicating that tyrosination may be a mechanism
to distinguish old from new MT, or MT regions (Sherwin et al., 1987; Sasse
and Gull, 1988), rather than a modification uniquely associated with MT's of
defined stability, position, or function (Sasse and Gull, 1988). Tyrosinalated
MTs have in fact been useful for following the assembly of new MTs during
cell division in trypanosomes (Sherwin and Gull, 1989).

The trypanosome membrane skeleton contains a number of proteins that
have been implicated in MT-MT or MT-membrane interactions (Seebeck
et al., 1988a,b). Most of these MAPs are structural (see Mandelkow and
Mandelkow, 1995, for recent general review of MAPs), although Burns
et al. (1995) have identified a kinesin-related MAP in the trypanosomid
Leishmania. The function and localization of the Leishmania protein have
not yet been determined. The most thoroughly characterized MAPs are
those of Trypanosoma brucei, especially the microtubule-associated, repeti-
tive proteins, or MARPs. MARP-1 and MARP-2 are two closely related,
high-molecular-weight proteins (320 kDa), each with a large acidic central
domain consisting of 38 amino acid repeats arranged in tandem to comprise
over 90% of the protein mass (Affolter ef al., 1994). The carboxy-terminal
domain as well as individual central repeats bind tubulins in vive and in
vitro (Affolter et al., 1994; Hemphill et al., 1992). The two potential MT
binding sites in MARPs suggested a model in which MARPs stabilize MTs
by anchorage with their carboxy-domains, and by binding with their long
repeat domains along the MT axis (Hemphill ez al.,, 1992). MARPs have
been localized to the membrane-facing region of MTs in the membrane
skeletal complex (Hemphill et al., 1992).

Cross-linking of adjacent MT's and binding of MTs to the plasma mem-
brane can also contribute to MT stability in the membrane skeletal compiex.
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Two MAPs that may be involved with cross-linking MTs in Trypanosoma
brucei are p15 and p52, since they can promote polymerization and bundling
of MTs in vitro (Balaban and Goldman, 1992; Balaban er al., 1989). A
210-kDa putative MAP has been localized to sites on MTs facing the plasma
membrane and close to MT cross-bridges (Woods et al., 1992). This protein
coprecipitates with polymerized tubulins, but unlike other structural MAPs,
it is heat stable and has a predicted globular conformation. Since it is
heavily phosphorylated, p210 may play a role in regulating the cross-linking
of MTs via other associated proteins (Woods et al., 1992). In Crithidia
fasciculata, a 41- and 61-kDa protein can induce MT bundling through
periodic cross-linking (Bramblett ez al., 1989). The 61-kDa protein has not
been localized, but the 41-kDa (COP-41) was identified as the glycosome
enzyme glyceraldehyde 3-P-dehydrogenase (GADPH); GADPH from
brain extracts also stimulates MT polymerization and bundling (Huitorel
and Pantaloni, 1984; Kumagai and Sakai, 1983).

Two proteins have been identified that may link MTs of the membrane
skeleton to the plasma membrane in Trypanosoma brucei. The MAP protein
p41, isolated from the membrane skeletal complex (Schneider et al., 1988a),
carries thioester-linked fatty acids which presumably can interact hydropho-
bically with lipids of the plasma membrane, as is the case with other pal-
mitoylated proteins. Binding of p41 to microtubules requires Ca?*. P60 is
a second MAP also isolated from the membrane skeletal complex of the
same organism. P60 copolymerized with MTs and induced extensive cross-
linking between Trypanosoma MTs and membrane vesicles (Seebeck et al.,
1988b). Ca®* may also mediate the binding of P60 to MTs because P60 was
initially purified by phenothiazine affinity chromatography similar to that
used for the isolation of the calcium-binding protein, calmodulin (Steiger
and Seebeck, 1986).

Microtubules of the membrane skeleton of trypanosomes converge at
the anterior of the cell at a capping structure of unknown composition. At
the opposite pole (posterior), a novel 28-kDa protein (Gb4) has been
localized to a ring-shaped opening in the MT array (Rindisbacher et al,
1993). Transcript analysis indicated that the 28-kDa protein was a processed
form of a large polycistronic RNA. The interactions of Gb4 with MTs has
not yet been determined, although judging from its position in the cell, it
is a good candidate for a membrane skeletal MAP with specialized location
and function.

Overall, progress in understanding the nature and function of MAPs in
trypanosomes has far outpaced that of other protist groups. In part this
work has been stimulated by the search for a pharmacological compound
that might specifically disrupt the propagation or transformations of these
medically important parasites; in part the work has progressed rapidly
because the relatively uncluttered surface isolates, consisting of the plasma
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membrane and MTs reduce the number of potential proteins that might
serve as MAPs among the proteins present in the surface isolate. MAPs
characterized in this group may be relevant to the euglenoids which have
retained portions of a MT corset, but have superimposed an additional layer
of articulin-rich proteins, presumably for increased stiffness and stability.
Perhaps the need for dynamic remodeling of cell form during their cell and
life cycles, often in different hosts, has dictated a more pliable cortical
architecture in trypanosomes, as opposed to the free-living euglenoids,
which assume only one vegetative form from generation to generation.

In the ciliate Paramecium at least 12 MT arrays can be distinguished
cytologically (Cohen and Beisson, 1988); four of these—the basal bodies,
cilia, ribbons (rootlet MTs), and the cytospindle—are associated with the
cortex. One of the MT ribbons (postciliary MTs) arises from the right
posterior quadrant of the basal body and extends upward toward the
epiplasm, where it ends (Allen, 1988); a transverse ribbon of MTs arises
from the anterior left side of the basal body and crosses to the left and
extends upward and ends at the epiplasm. In addition, an extensive set of
acetylated MTs is associated with a specific region in the left, anterior
portion of the interphase cell known as the A-paratene. The latter extends
around the oral apparatus and to the right of the anterior and posterior
suture lines; the A-paratene is identified by the lateral as well as longitudinal
alignment of the epiplasmic scales, resulting in hexagonal arrangements of
the cortical units in this region (Fleury and Laurent, 1995; Fleury et al,
1995). Microtubules are more abundant in this A-paratene region than
elsewhere in the cortex. These MTs originate from the posterior kinetosome
of each cortical unit’s basal body pair, and may form bundles with MTs
from adjacent kineties. The bundles progress superficially under the cell
cortex in the A-paratene region (Fleury and Laurent, 1995).

The number of tubulin genes in protists is generally small (see, for re-
views, Grain 1986; Silflow 1991), but in Paramecium there are four o-
tubulin and three B-tubulin genes. Nonetheless, it has been argued (Fleury
et al., 1995) that the biochemical heterogeneity of tubulins in Paramecium
is not the result of genetic diversity, but is produced by post-translational
modifications. As summarized in Table V, application of a battery of mono-
clonal antibodies that recognized acetylated, polyglutamylated, or polygly-
cylated MTs indicated that most of the cortical MTs have one or more of
these modifications (Fleury et al., 1995). Moreover, at least in the case of
rootlet MTs, there are significant changes in antibody recognition, and
therefore presumably post-translational modifications, during cell division.
Microtubule-associated proteins have not yet been identified for cyto-
plasmic or cortical MTs in ciliates.

The dinoflagellates also utilize a stable array of cortical MTs that appear
to function in morphogenesis and in maintaining cell form. The general
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TABLE V
Paramecium Cortical Microtubules’

Antibodies tested

as, AXO
Location Noc.sen? BS Ac® GT 335 TAP 952 AXO 588 494

Cell cycle’ I 1 DI D I D I D 1 D 1 D
Rootlet MTs - + - + + + - + = - o+ =
Postoral MTs - + + + + 0+ + + + + 4= -
Vacuolar MTs - + + + + + + + + + 4= -
Ciliary tip MTs - + + + + o+ + o+ o+ o+ - =
Ciliary body MTs - - - - = +/- +—= 4= - +H- + o+
Cytospindle MTs + + + + +/— -

@ Data from Fleury ef al. (1995).

® Nocodazole sensitive.

¢ Recognizes carboxy-terminal of «-, -tubulin.

4 Recognizes acetylated tubulins.

¢ Recognizes glutamylated tubulin.

/Recognizes carboxy-terminal of a-, 8-tubulins.

8 Recognizes B-tubulin of cytoplasmic microtubules.
" Recognizes polyglycylated tubulins.

/1, interphase, D, dividing cell.

organization of the cortical MT in predominantly longitudinal arrays is
fairly constant among different genera. These MTs are arranged in three
zones; the epicone, hypocone, and girdle (Roberts et al, 1988; Brown
et al., 1988). The longitudinal MTs are braced by two lateral bands of
3-5 MTs that are positioned at the transverse cingulum. The posterior MTs
converge and abut each other at the posterior pole (Roberts and Roberts,
1991). In some dinoflagellates, the longitudinal MTs of the epicone appear
to radiate from transverse MT bands at the anterior pole; these appear as
a complex three-pronged fork in Cryptothecodinium (Perret et al., 1993;
Kubai and Ris, 1969), or as a simple helical band in Gymnodinium (Roberts
and Roberts, 1991). Thus a stable cortical system of longitudinal and trans-
verse MTs appears to outline and define dinoflagellate topology.

In some dinoflagellates such as Gymnodinium, Cochlodinium, and Am-
phidinium, the cortical, longitudinal MTs are organized as a single, evenly
spaced layer (Brown et al, 1988; Roberts et al, 1988) that is similar in
distribution to the MT corset of the trypanosomatids. In more complex
cells (e.g., Oxyrrhis and Gyrodinium), the longitudinal MTs in the ventral
cortex are evenly spaced and unlinked, whereas on the dorsal and lateral
sides they are arranged in cross-linked bundles of 10-100 MTs (Gyrodin-
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ium), or 3—4 cross-linked MT's (Oxyrrhis, Brown et al., 1988). Some reorga-
nization of MTs occurs during cell division and during ecdysis.

In summary, cortical MTs of trypanosomes and dinoflagellates appear
to have a major role in maintaining cortical integrity, whereas in cells with
well-developed epiplasms, such as the euglenoids and ciliates, MT function
is less certain. In Paramecium the A-paratene MTs may be involved in
stabilizing the invariant region of the cell cortex (Fleury et al., 1995); MT
rootlets probably anchor the ciliary~basal body during ciliary beat (Allen,
1988). In euglenoids, MTs are strategically positioned to mediate surface
movements, to direct the development of new strips during cytokinesis,
and/or to carry out transport of cell materials. Experiments with new classes
of MT poisons and further exploration with the numerous antibodies avail-
able for MAPs and post-translational modifications will help resolve the
function of these universal cortical components.

IV. Reuse of the Parental Surface Complex during
Surface Duplication

A. The Membrane Skeleton during Cytokinesis
in Euglenoids

The mechanics of surface duplication in euglenoids was firmly established
in early electron micrographs of dividing cells of Astasia longa (Sommer
and Blum, 1965). In these cells, a small ridge (presumptive daughter strip)
appeared between each of the larger parental surface strips during cytokine-
sis. From these and other structural studies it was postulated that the
intercalated daughter ridge (strip) would double the number of strips, for
example, from 40 to 80 in E. gracilis, and that after cytokinesis each of
these daughter cells would again consist of 40 strips. But of these 40 postdivi-
sion strips, 20 were assembled de novo, and each of these alternated with
a strip that was conserved from the original predivision cell. This hypothesis
was tested by pulse immunolabeling strips in predivision cells, and then
following the distribution of bound antibodies after cytokinesis (Hofmann
and Bouck, 1976). As expected, the immunolabeling on the postdivision
cells was restricted to alternate (parental) strips, indicating that new strips
with unlabeled antigens were assembled and inserted intussuscepted after
the initial pulse labeling. The clear separation between labeled and unia-
beled strips demonstrated that (1) there was little or no intermixing of
exposed antigens between adjacent strips, and (2) the surface as a whole
consisted of half old (parental) and half new strips after cytokinesis.
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Generally, presumptive daughter strips first appear at the cell anterior
and progressively extend more or less coordinately toward the poste-
rior. In Euglena gracilis, new strips were present at the cell anterior by
early prophase and had extended halfway down the cell by prometaphase
(Pickett-Heaps and Weik, 1977); in the euglenoid Ploeotia costata, new
strips were evident by anaphase (Triemer and Fritz, 1988), but strip insertion
occurred later in cell division in the euglenoid Entosiphon sulcatum
(Triemer, 1988). The division furrow proceeds by infolding between two
opposing pairs of strips approximately 180 degrees apart, necessitating the
rupture of the dividing cell and then the rejoining or “suturing” (Pochmann,
1953) of the daughter cell margins. This process appears to take place
within a slice/suture zone (Fig. 5b) in which there is sequentially (1) separa-
tion (tearing apart) of a pair of adjacent strips at two opposing regions of
the cell (Fig. 5b, arrowheads), (2) lateral joining (zippering) of nonadjacent
strips (from opposing sides of the cell; Fig. 5b, arrows), and (3) systematic
progression of this zone toward the cell posterior. The plasma membrane
must be sufficiently fluid to accommodate these submembrane processes
since it remains visibly undamaged and continuous in the slice/suture zone
(Fig. 5b). The effects of the temporary weakness in surface structure that
must result from separation of adjacent strips seem to be minimized by
restricting the size of the splice/suture zone to a few micrometers, and by
rapid rezippering of heterologous strip margins. The general position of
the cleavage furrow will presumably be determined by the position of the
duplicated canal and reservoir (Mignot er al., 1987), but whether specific
pairs of strips are predesignated as sites of cell separation is not known.

How new surface strips are initiated, and what controls initiation remains
largely unexplained. Bré and Lefort-Tran (1978) and Lefort-Tran er al
(1980) observed that when cell division was inhibited by vitamin B, starva-
tion in Euglena gracilis, surface strips expanded laterally to accommodate
the greatly enlarged cell, and new strips were not intercalated between
parental strips unless vitamin By, was restored to the medium. These experi-
ments suggested that initiation and growth of daughter strips was in some

FIG.2 Euglena gracilis viewed from the anterior pole undergoing cytokinesis. In the upper
panel, the two putative daughter cells are separating parental strips by clockwise rotation.
The zone of strip separation and rejoining is seen between the large arrowheads in the lower
panel. At the upper large arrowhead, separated strips are rejoining (suturing) to construct
the cell on the left. The lower large arrowhead indicates strips that are suturing (zippering)
to form the cell on the bottom right. This zone of separation and rejoining progresses toward
the cell posterior. The daughter strips intussuscepted between every second parental strip are
more evident in the right-hand cell as a narrow strip. Top micrograph, X3500; lower micro-
graph, X8500. (Micrographs courtesy of Ron Wibel.)
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way coregulated with, or was dependent on cell division and/or specifically,
cytokinesis. In the euglenoid Cyclidiopsis acus, the surface ridges extend
deep into the canal. Thus the formation of new surface ridges and their
MTs, which appear before or simuitaneously with strip assembly, can be
traced from their presumed origins within the reservoir and basal body
region (Mignot et al., 1987). From EM studies using semiserial sections,
however, it was evident that strips developed in two directions from a
region close to the anterior invagination that gives rise to the canal and
reservoir (collectively the flagellar pocket). In the nondividing cell, the 32
strips of the external surface were more or less uniform in width, whereas
in the canal there were 16 major strips and 16 smaller strips. The latter
developed into major strips during strip duplication and new minor strips
appeared from “‘morphogenetic centers’ located between major and minor
strips. Interestingly, at the onset of cytokinesis, new strips (32 new plus 32
parental = 64) appeared in the external surface before they were evident
in the canal (Mignot et al., 1987), suggesting that surface development did
not progress from canal to external surface, as might be expected from the
presumed origin of the MTs (reservoir, basal body region; Willey and Wibel,
1985; Solomon et al., 1991). Thus strips either arose independently of the
canal MTs, or developed first outward over the external surface and then
extended inward toward the flagellar pocket to form new strips within the
canal. The transition region (i.e., the lip) between the canal and exterior
surface seems to be the site of strip initiation, the site of the start of
cytokinesis, and possibly the site of the generation of strips within the canal.

B. The Cortical Complex in Trypanosomes

As with the euglenoids, the trypanosomes undergo an ordered duplication
and separation of the cortical region during cytokinesis that probably results
in a similar retention of parental surface during the production of daughter
cells. However, the surface of trypanosomes is not organized into visible
strips, so it is not evident from direct observations how and where new
cortical MTs are assembled, and how they are segregated during division.
The question of cortical duplication has been addressed by using antibodies
that recognize tyrosinated tubulins in order to identify new vs old microtu-
bule regions (Sherwin et al, 1987; Sherwin and Gull, 1989). In general,
tubulins newly added to a growing MT were carboxy-tyrosinated, whereas
as they matured within the MT, the tubulins were detyrosinated. Immuno-
labeling of extracted membrane skeletons from 7. brucei showed that tyro-
sinated microtubule ends (i.e., the positive or fast-growing ends of the MTs)
were located at the cell posterior (Sherwin and Gull, 1989). This is consistent
with the modest elongation of the cell that accompanies the duplication
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of the nucleus, basal body, and kinetoplast—all of which are arranged
longitudinally before cytokinesis (Fig. 6). The demonstration of MT polarity
was confirmed and extended with additional assays, including direct seeding
of cytoskeletons with tubulin and observing the appearance and growth
rates of “flumes” of new MTs at the posterior pole. These flumes also were
decorated with antibodies against tyrosinated tubulins, again indicating
preferential addition of new subunits to MT ends at the posterior cell pole
(Robinson et al., 1995). In addition to establishing overall MT polarity,
Sherwin and Gull (1989) also demonstrated that near the cell center, short
MTs were present between the MTs that comprised the microtubule corset.
These short MTs labeled heavily with the antityrosinated MT antibody,
suggesting that they were newly assembled and hence were increasing the
MT population by intercalation—a process with obvious parallels to the
intussusceptive strip development in the euglenoids. Cleavage of the cell
during cytokinesis proceeds from anterior to posterior poles by means of
a *helical, biased longitudinal cleavage” (Sherwin and Gull, 1989; Robinson
et al., 1995) which partitions the linearly arranged pairs of duplicated nuclei
and kinetosomes into the daughter cells. Since there is no evidence for
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FiG.6 Early stages in cell division in Trypanosoma brucei showing the linear arrangement
of nuclei, basal bodies, and flageila. The cleavage furrow (not shown) follows a longitudinal
helical path beginning at the anterior pole to separate the two set nuclei and basal bodies
during cytokinesis. Cell expansion occurs mostly in the longitudinal axis, and predominantly
in the zone labeled D before cytokinesis. {[From Robinson et al. Reproduced from The
Journal of Cell Biology, 1985, Vol. 128, 1163-1172 by copyright permission of The Rockefeller
University Press.]
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disassembly of parental MTs, the surface complex of each daughter cells
presumably contains half of the original MT corset within which are interca-
lated a new MT between each of the parental MTs. As with the euglenoids,
the predominantly longitudinal cleavage furrow forces a separation (tearing
apart) of adjacent MTs of the corset followed by rejoining (suturing) of
the new corset margins to generate two intact daughter cells.

It is not known whether the short intercalated MTs are initiated at
microtubule organizing centers at their sites in the cell center, or whether
they are initiated at the cell posterior (the major site of MT assembly) and
are then transported to other regions along tracks of existing MTs. Cortical
microtubules converge at a capping structure at the anterior pole of the
cell, but at the posterior pole they end abruptly, leaving an opening in the
membrane skeleton. A 28-kDa protein (Gb4) is localized to the posterior
pole of the MT corset; Gb4 appears to be an MT capping structure (Rindis-
bacher ez al., 1993), although this has yet to be demonstrated experimentally.
Most of the corset MTs are not directly associated with the basal body of
the flagellum, but basal segregation during cell division appears to be an
MT-dependent process, as indicated by its inhibition by the maytansine
group of antimicrotubule agents (Robinson and Gull, 1991).

The position of the basal body and its flagellum is an important landmark
in cytokinesis and in the longitudinal partitioning of the MT corset. The
flagellum in Trypanosoma is directed from its origins in the flagellar pocket
toward the cell pole, maintaining firm contact with the cell surface through-
out much of its length. This contact region, termed the “flagellum attach-
ment zone” (FAZ), is a desmosome-like complex, and includes a specialized
set of four MTs and a narrow cisternum of endoplasmic reticulum. The
FAZ represents the only obvious longitudinal asymmetry in the MT corset.
Experiments with rhizoxin, which “inhibits microtubule dynamics” (Robin-
son et al., 1995), have led to the suggestion that FAZ may define the axis
of cleavage in trypanosomes.

C. The Cortical Complex in Ciliates

Cortical duplication and pattern formation in the ciliates, particularly Para-
mecium, have received considerable attention. The segregation of the cortex
into thousands of asymmetric units with a defined position and orientation
provides visible markers for genetic and developmental studies. Moreover,
early stages of new unit assembly are readily identified either by duplication
(basal bodies), expansion (epiplasm, cytospindle), insertion and elongation
(outer lattice), and regression and expansion (kinetodesmal fibers). Each
of these processes occurs more or less independently during cortical assem-
bly. The arrangement of units is generally in curved longitudinal rows, but
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Paramecium, Tetrahymena, and most other ciliates are asymmetric in both
the dorsal-ventral axis and anterior—posterior axis. This asymmetry is de-
fined in part by the position of the oral apparatus as well as a suture line
along the ventral surface. Cytokinesis occurs transversely to the anterior—
posterior (long) axis so that a new half-cell cortex must be generated, not
as a simple extension of the existing cortex, i.e., as an infinitely elongating
and segmenting cylinder (Frankel and Nelsen, 1981; Frankel, 1989), but as
a complete reconstruction of an asymmetric half-cell. In fact, the newly
regenerated cells are mosaics of invariant (conserved) regions and other
areas that exhibit more or less independent behavior (Iftode et al., 1989).

Fluorescein-labeled antibodies visualized by confocal microscopy of per-
meabilized cells have been particularly useful in identifying specific compo-
nents of the cortex during cell division. In Paramecium, application of these
techniques together with conventional silver staining has helped produce
a fate map (Fig. 7) for several key structures of the cortical surface (Iftode
et al., 1989). The pattern of asscmbly is both spatially and temporally
regulated in that specific cortical components are stimulated in successive
“waves” that originate from a single or from two epicenters, located around
the oral apparatus and the fission furrow. The nature of the waves is not
known but they result in global regulation of morphogenesis, while at the
local level individual scales respond more or less independently. The fate
map provides graphic illustration of the independent timing of the develop-
ment of basal bodies, epiplasm, and kinetodesmal fibers relative to the
putative stimulatory waves. One documented effect of these waves is the
activation of a protein kinase that hyperphosphorylates the structural pro-
teins of the ciliary rootlets just before their disassembly (regression). A
monoclonal antibody, MPM-2, specific for phosphoproteins was localized
to ciliary rootlet fibers (Fig. 2a, kf, kinetodesmal fibers) before rootlet
regression, but MPM-2 did not recognize rootlets in interphase cells, sug-
gesting that phosphorylation and dephosphorylation cycles may be regulat-
ing factors in the regression and regrowth of ciliary rootlets (Sperling et
al, 1991). The lost by regression of this ““rigid rope-like anteroposterior
scaffold” (ciliary rootlets) appears to be compensated for by the appearance
of a cytospindle consisting of bundlies of longitudinal MTs, which generate
a temporary scaffold to maintain cell integrity (Sperling et al., 1991). Phos-
phorylation of other cortical components, such as the infraciliary lattice
proteins, is probably aiso critical to cortical development (Kaczanowska et
al., 1995).

One of the interesting facts to emerge from the fate maps was that certain
regions were invariant, that is, they remained essentially unchanged during
each cell division. Other regions are extensively remodeled. Yet the abso-
lute number of parental basal bodies is faithfully maintained in both daugh-
ter cells (Iftode et al., 1989). The basis for and control of this remarkable
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FiG.7 Fate map of cell territories in Paramecium cell division. The division plane is transverse
to the long axis, necessitating reconstruction of an asymmetric upper and lower half. The
origin and fate of units (scales) is shown on both ventral and dorsal surfaces. Territories are
delineated according to the extent and method of proliferation of basal bodies. Areas desig-
nated as a, b, and h are essentially invariant fields that are transmitted without obvious changes
to daughter cells. Region f is transformed mostly into an invariant field in the posterior
daughter cell. Area ¢ is completely remodeled into anterior fields; g are territories that expand
greatly by elongation. [Slightly modified from Iftode et al. (1989), reprinted with permission
of Development Company of Biologists, Ltd.]

global control of cortical reproduction remains to be determined. Cortical
duplication in the ciliate Tetrahymena also seems to be regulated at both
the local and whole cell (global) levels since severe disruption of cortical
organization in a disorganized mutant did not radically change the pattern
of cytokinesis in these cells (Jerka-Dziadosz et al., 1995).

D. The Cortical Complex in Dinoflagellates

The MT cytoskeleton of dinoflagellates consists of two groups of stable
MTs: (1) the cortical microtubules and (2) those of the desmose and three-
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pronged fork. Perret et al. (1991, 1993) reported that in Cryptothecodinium
the latter two sets of MTs duplicate early in prophase and segregate into
the two putative daughter cells. It is the migration of the two three-pronged
forks that seems to separate the cortical MTs because all the cortical MTs
are anchored on the forks. It is not yet known whether the two sets of
epiplasmic MTs are semiconserved or whether they are all formed de novo.
The actin—tubulin-rich cleavage furrow is thought to recruit the stable MTs
of the transverse cingulum. The duplication and assembly of the kinetosome
and centrosome-like regions, the desmose, three—pronged fork, epiplasmic
MTs and extranuclear spindle MTs are carefully timed and interdependent
events that precede the appearance of the cleavage furrow.

Cell cleavage begins at either or both poles (Schnepf, 1988; Perret et al,,
1993), and follows an oblique course from posterior left to anterior right,
as suggested by the fission line of the parental amphiesma (Dodge, 1988).
In some dinoflagellates (e.g., Peridinium), the growth of the cleavage furrow
“proceeds like a draw string being tightened”” (Tippit and Pickett-Heaps,
1976). Cytokinesis may require both MTs and actin microfilaments, as
evidenced by the localization of 8-tubulin and actin to the cleavage furrow
(Perret et al., 1993; Schnepf, 1988). In several studies cortical MTs were
shown to line the two surfaces of the cleavage furrow in close association
with the newly recruited amphiesmal vesicle (Weatherbee, 1975; Diirr,
1979; Tippit and Pickett-Heaps, 1976; Perret et al., 1993), suggesting that
epiplasmic MTs of the cingulum were directly involved with the formation
of the furrow. In the absence of experimental evidence, however, it remains
uncertain whether MTs function actively in cell cleavage, or whether they
are associated with transport of the new amphiesmal vesicle, or both.

Cell cleavage in some dinoflagellates can be divided into an actin-
dependent and an actin-independent stage. For example, when thecate
and naked dinoflagellates were treated with the antimicrofilament drug
cytochalasin D, the cleavage furrow passed through and separated the
daughter hypocones, but cleavage did not progress through the epicone
(Schnepf, 1988). After prolonged treatment with cytochalasin (several
days), the binucleate cell completed the next nuclear divisions—resulting
in groups of four or more cells still attached apically (Schnepf et al., 1990).
Similar results were reported with the drug isopropyl-N-phenyl carbamate,
which reportedly affects the microtubule organizing center (Matthys-
Rochon, 1980). Possibly, the biphasic cleavage in these cells is a reflection
of the bipolar organization of the cell, i.e., the epicone and hypocone
separated by the cingulum and containing the kinetosomes. Regardless
of the method of cleavage in dinoflagellates, the resulting daughter cells
probably each consist of conserved MTs (Perret er al, 1993) and other
portions of the original parental cell cortex, although this conservation has
not yet been directly demonstrated.
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In summary, euglenoids, trypanosomes, ciliates, and dinoflagellates seem
to reuse (“‘conserve”) all or part of their existing cortical components during
cell duplication. Among these groups, ciliates such as Paramecium exhibit
the most complex pattern of cortical duplication. It is not yet clear how
the cortical mosaics are locally regulated and how the various mosaics
are globally controlled to yield an exact copy of the original cell. Recent
experiments with protein kinase inhibitors show promise for developing
models (e.g., tensegrity, Kaczanowska et al., 1995) of global control, but
cortical remodeling and the resulting mosaics produced at the regional level
are still difficult to explain. In euglenoids and trypanosomes, the patterns
of duplication are more easily visualized as a relatively simple intussuscep-
tion of whole strips (euglenoids) or the insertion of single MTs (trypano-
somes) between each of the existing strips or MTs. Longitudinal fission
then separates the integrated (with old and new components) cell into two
equivalent halves.

Interestingly, in trypanosomes the daughter nuclei are arranged along
the long axis and the cleavage furrow must pass as a steep, almost transverse
spiral to separate the two cells (Robinson et al., 1995) perhaps presaging
the transverse division of the ciliates, whereas in euglenoids the nuclei are
side by side and are readily cleaved by a longitudinal or spiral furrow
(Mignot et al., 1987). In both cases intussusception permits surface duplica-
tion without extensive disruption of the existing cortical architecture. Corti-
cal duplication in dinoflagellates is still largely conjecture, but the pattern
of fission, and the probable absence of parental MT breakdown (Perret et
al., 1993), would suggest that portions of the cell are conserved, and that
there is no large-scale cortical disassembly accompanying cytokinesis.

V. Concluding Remarks

The surface complex of protists has been of long-standing interest, because
(1) the cortex is relatively stable, (2) the cortical patterns are inherited by
succeeding generations, (3) portions of the cortex remain intact during and
after cytokinesis and (4) the cortical components are often readily visualized
and followed during duplication and cytokinesis. The biochemical, physio-
logical, molecular, and cellular bases for these cortical properties have
been studied to varying degrees in the four different groups of organisms
considered here. It is evident that each group of protists offers different
and often overlapping opportunities for resolving the properties of different
components of the cortex. Thus the epiplasm is relatively easily isolated
and characterized in euglenoids; MT stability and MAP function can be
readily approached in the corset of MTs of the trypanosomes; surface
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glycoconjugates and surface coats are accessible in ciliates and trypano-
somes that undergo coat switches and antigenic variation, and alveoli are
best examined in ciliates and dinoflagellates, where these chambers are
highly developed.

An implicit assumption of this review has been that the cortical compo-
nents such as the epiplasm, alveoli, MTs and some membrane coats of
these very different protists have common functions. However, are the
cortical systems of protists analogous? The evidence for similar functions
and/or composition is in most cases incomplete, and commonality of cortical
components among phylogenetically distant groups should be viewed pri-
marily as a working hypothesis. It is worth noting, however, that whereas
the functional MTs and actin of higher eukaryotes are also found in protists
(Grain, 1986), at least one group of important and ubiquitous membrane
skeletal proteins (the spectrins) of vertebrates and invertebrates (Bennett
and Gilligan, 1993) is either absent or has no established function in lower
eukaryotes. Spectrin-like proteins have been identified in several protists
(Schneider et al., 1988b; Alcina et al., 1988; Williams et al., 1989b; Hemphill
et al., 1991; Kwiatkowska and Sobota, 1992; Ghazali et al., 1995; Lorenz et
al., 1995) by size and immunological criteria, but spectrin—~based membrane
skeletons have not been demonstrated in protists, and most protists lack
spectrin altogether.

Conversely, higher organisms lack obvious homologs to articulin-based
epiplasms and to the continuity of cortical structures during cell division.
Whether these differences are the result of multicellularity vs the single-
cell life style, or the result of evolutionary selection is not clear. In any case,
the protists offer unparalleled opportunities for resolving the mechanisms of
control and assembly of the supramolecular complexes that comprise the
cell cortex. With powerful molecular, biochemical, and immunological and
genetic tools now available, we can look forward to their increasing applica-
tion to protists as interesting systems in their own right as well as approach-
able models for understanding how the cell surface is generated, maintained,
and duplicated faithfully with each cell division.
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