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SUMMARY

The central microtubule cap is bound to the ends of the two central microtubules in Tetrahymena
ihermophila cilia by plug-shaped structures similar in appearance to the distal filament plugs
attached to the ends of the A-microtubules. The caps have been separated from the microtubules
and are composed of a bead, two plates, and two peg-like plugs to which the microtubules are
attached. The structure of the cap is discussed in relation to the directionality of microtubule
assembly in vivo.

INTRODUCTION

The distal ends of both the central and outer doublet A-microtubules are capped
by distinct structures in virtually all cilia and flagella (Dentler, 1981; Dentler &
LeCluyse, 19826). The central microtubule cap is bound to the ends of the two central
microtubules and is composed of two plates, bound to the microtubules, and a bead
that is bound to the membrane. Initial studies of the cap suggested that the
microtubules terminated evenly on the proximal plate (Dentler & Rosenbaum, 1977;
Sale & Satir, 1977). The end of each of the nine A-microtubules is attached to the
distal filament plug, composed of a carrot-shaped plug bound to the inner wall of each
A-microtubule (Dentler, 1980a) and a filamentous portion bound to the membrane,
as in TetraJiymena and Chlamydomonas (Dentler, 1980a), or to the central
microtubule cap, in tracheal cilia (Dentler & LeCluyse, 19826).

Initial studies revealed that both the central microtubule cap and distal filament
plugs were bound to the ends of both growing and fully grown microtubules in
Tetrahymena cilia and Chlamydomonas flagella but that the cap was more tightly
bound to the central microtubules than were the distal filament plugs to the
A-microtubules (Dentler & Rosenbaum, 1977; Dentler, 1980a). Since autoradio-
graphic studies had shown that most newly synthesized proteins were incorporated
into the distal ends of the A-microtubules (Rosenbaum, Moulder & Ringo, 1969;
Witman, 1975) and since the proximal ends of the central microtubules were not
continuous with basal body microtubules (as were the outer doublets) it was suggested
that the central microtubules might assemble at their uncapped proximal ends (Dent-
ler & Rosenbaum, 1977; Dentler, 1980a). Since the intrinsic polarity of the central
and doublet microtubules is the same (Euteneur & Mclntosh, 1981), tubulin would
have to add to the minus ends of the central microtubules and to the plus ends of the
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doublets during ciliary assembly. Although microtubules have been shown to assem-

ble onto the proximal (but not distal) ends of capped central microtubules in tracheal

cilia (Dentler & LeCluyse, 1982a), the site of central microtubule assembly in vivo

has not been determined by direct experiment.

To determine the site of central microtubule assembly and to determine the role of

the capping structures in assembly it will be necessary to characterize the linkage of

the cap to the central microtubules, to isolate the caps and test for their ability to

nucleate microtubules with specific polarity, and to determine the directionality of

central microtubule assembly in vivo using pulse-labelling and autoradiography. The

goals of the present study were to reveal the structures that link the central micro-

tubules to the cap and to present preliminary observations on the structure of caps that

were released from ciliary microtubules.

MATERIALS AND METHODS

Tetraliymena thermophila (strain SB711) was grown on 2% proteose peptone as previously
described (Dentler, 1980a) and cilia were isolated from 1 -5-litre cultures using a modification of the
dibucaine procedure (Dentler, 1979). Isolated cilia were demembranated by two washes in 0 1 %
Nonidet P-40 in PMEDPS (100 mM-PIPES (piperazine-A',A"-bis(2-ethanesulphonic acid)), 5 mM-
MgSO-t, O'lmM-EGTA (ethyleneglycol-bis(amino-ethylether)-A',A'-tetraacetic acid), 1 mM-
dithiothreitol, 03mM-PMSF (phenylmethylsulphonyl fluoride), 025 M-sucrose, pH6-9) and
washed once in PMEDPS without detergent. To release central microtubule caps, axonemes were
washed with PMEDPS with increasing concentrations of NaCl. Both whole cilia and caps were
negatively stained with 1 % uranyl acetate and were viewed and photographed using a Philips EM300.

RESULTS

The central microtubule cap in intact Tetrahymena axonemes appeared similar to

that in Chlamydomonas flagella (Fig. 1A, Dentler & Rosenbaum, 1977; Dentler,

Fig. 1A. Negatively stained Tetrahymena cilium showing the central microtubule cap
(cmc) attached to the central microtubules (cp) and the distal filaments (f) bound to each
of the A-microtubules of the outer doublets (a). X200000.
B—F. Series of micrographs showing central microtubule caps partially released from the
central microtubules when axonemes are incubated in increasing concentrations of salt. The
prominent bead (b in B and i) that links the central pair with the membrane and the two plates
(arrows in B, D, K) are retained throughout the extraction procedure. As the caps are released
small plugs (/>) linking the caps to the microtubules are revealed. 1 n addition to the plugs, a
small bead structure is seen to lie between the two microtubules (arrowhead in c). The bead
hangs like a pendent from the proximal plate of the cap. Since the distal ends of the central
microtubules immediately beneath the cap, are tightly apposed (see brackets in A and B) , the
bead may serve to link these microtubules together and provide additional structural
support for the attachment of the two microtubules bound to cap. X200 000.

G. Cap in which the beaded portion of the cap is released and the lower plate is firmly
attached to the central microtubules. A plug can be seen to extend for a very short distance
into the lumen of each microtubules. X200000.

H-M. Caps that have been released from the central microtubules and, in I-M, were
separated from microtubules by differential centrifugation. The caps retain most of the
structures observed in partially extracted cilia (A-F) although the plug structures (arrow-
heads in I-M) attached to the proximal plate are somewhat more extended than they are
in intact microtubules. X200 000.
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1980a; Sale & Satir, 1977) and was composed of a 43 nm diameter spherical bead that
attached to two 53 nm diameter plates. The distal plate (attached to the bead) was
13 nm thick and frequently appeared to be composed of two thinner plates (Fig. 1B,
D, F) . The proximal plate was 9 nm thick and was attached to the central microtubules.
In intact axonemes the sites of microtubule attachment were somewhat thicker than
the rest of the plate (Fig. 1A, B, G).

When the caps were released from the microtubules during extraction with NaCl,
these thickenings were found to be connected to plug structures inserted into the
lumen of each central microtubule (Fig. ID, E, F). The plugs were quite short and
stubby when initially released from the microtubules (Fig. ID, E, H) but often elon-
gated as the period of salt extraction was increased to release the caps from all
axonemes (compare Fig. 1I-M with D, E, H). The centre-to-centre spacing of the two
plugs attached to completely released caps was 40 nm but, in intact axonemes, was
only 25 nm, the same centre-to-centre spacing as that of the two central microtubules.

The central microtubules in intact axonemes were tightly joined together near their
distal tips (see brackets in Fig. 1A, B). AS the caps were released from the
microtubules, a small 10 nm diameter bead was revealed lying between the two
microtubules (Fig. lc). The bead was attached at or near the sites of plug attachment
on the proximal plate and looked like a pendant hung on a necklace. The 10 nm bead
was frequently observed to be attached to the proximal plate in fully released caps and
was more labile than the plugs because it often disappeared during salt extraction of
the axonemes.

DISCUSSION

The attachment of the caps to the central microtubules is structurally similar to that
of the attachment of the distal filament plugs to the A-microtubules of each outer
doublet. Each capping structure is composed of a plug inserted into the lumen of the
microtubule and a portion that attaches to the membrane (as in the central
microtubule caps and the distal filaments of Tetrahymena and Chlamydomonas;
Dentler, 1980a) or to the central microtubule cap (as in cilia from mammalian and
avian trachea and in amphibian palates; Dentler & LeCluyse, 19826; LeCluyse &
Dentler, 1983). Although best visualized in negatively stained cilia, the plugs can also
be seen in cross-sections of cilia as small 'dots' in the lumens of A and central
microtubules near their distal tips (see Dentler & LeCluyse, 19826). The plugs in the
A and central microtubules are not, however, identical. Plugs in the A-microtubules
of Tetrahvmena are long tapered structures, while those in Tetrahymena central
microtubules are short and stubby. Detailed comparisons of plug structure in tracheal
or palate cilia have not been made.

In addition to the two plugs, a bead structure hung from the proximal plate of the
cap. The bead lay between the ends of the central microtubules and appeared to link
them together in intact axonemes. When the caps were partially released from the
central microtubules the beads did not appear to be attached directly to the surface
of either microtubule, which suggests that the function of the bead may not be to link
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the microtubules together. Ringo (1967) initially reported that a small dense plate
similar to the Tetrahymena bead structure lay between the two central microtubules
immediately beneath the cap in Chlamydomonas and Dentler & Rosenbaum (1977)
reported that the distal ends of the central microtubules in Chlamydomonas are
wrapped together by a thin filament. It remains to be determined whether the struc-
tures interposed between the ends of central microtubules in TetraJiymena and
Chlamydomonas are linking structures, whether they are similar to each other and
whether they are common to all cilia and flagella.

What is the function of the central microtubule cap and distal filament plugs? It is
most likely that they are involved with either motility or microtubule assembly.
However, demembranated cilia and flagella can be reactivated to beat and
microtubules to slide with caps that are either present or released (unpublished ob-
servations), so the capping structures are not essential for the motility of demem-
branated and reactivated cilia. The cap and plug complexes in tracheal cilia may
restrict microtubule sliding (Dentler & LeCluyse, 19826) but sliding can occur in
tracheal cilia that lack caps (Dentler, 19806; Dirkson & Zeira, 1981). Since the caps
link the microtubule ends to the membrane it is possible that they protect these ends
from abrasion by the membrane during ciliary bending but other motility-related
functions are unknown.

Several types of evidence suggest that the capping structures are involved in
microtubule assembly. Previous studies of Chlamydomonas, Tetrahymena and
tracheal cilia (Dentler, 1981; Dentler & LeCluyse, preliminary data) revealed that the
central microtubule cap and distal filament plugs were formed during the first 2jUm
of ciliary growth and that they remained associated with the microtubule ends in
growing and in fully grown cilia. In addition to being associated with the microtubule
ends, examination of capping structures in epithelial cilia in acoel turbellarians
(Tyler, 1979), the frog Bombina and the toadXenopus (LeCluyse & Dentler, 1983)
revealed that specific caps can be precisely positioned on both central and individual
outer doublet A-microtubules. This precise positioning was correlated with in-
dividual doublet and central microtubules that have characteristic lengths.

Studies of demembranated cilia indicate that the capping structures are tightly
bound to the microtubule ends. The plugs in the A and central microtubules in tracheal
cilia remain attached to the microtubule ends after demembranation and reactivation
of ciliary beating (Dentler & LeCluyse, 19826). If the associations between the caps
and microtubules were weak, the plugs would have been expected to have been pulled
free of the microtubules due to forces generated by microtubule sliding.

In addition to resisting microtubule sliding forces, the caps are so tightly bound to
the central microtubules of Chlamydomonas and tracheal cilia that they blocked the
addition of brain microtubule protein to these microtubules in vitro (Dentler &
Rosenbaum, 1977; Dentler & LeCluyse, 1982a). Since these in vitro studies also
revealed that microtubule assembly occurred at the proximal ends of the central
microtubules, which are not capped, it was suggested that the central microtubules
assemble in vivo at their proximal ends. On the other hand, studies of demembranated
tracheal cilia revealed that the plugs also block the addition of brain tubulin onto the
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A-microtubulesmwj'iro (Dentler &LeCluyse, 1982a). Since autoradiographic studies
have shown that the site of A-microtubule assembly in vivo is at the distal tip (at or near
the site of the plugs) (Rosenbaume/a/. 1969; Witman, 1975), the plugs must not com-
pletely block microtubule assembly in vivo. Since the results reported here showed that
the central microtubule caps are bound to the central microtubules by plug structures
that are similar at least in appearance to the distal filament plugs, it is not unreasonable
to suggest that the central microtubules also assemble at their distal (capped) ends.
Further studies of the sites of central microtubule assembly in regenerating flagella will
be necessary to determine the sites of central microtubule assembly.

Since the plug structures are present at the apparent sites of microtubule assembly
in vivo throughout ciliary growth and since in vitiv studies have shown that they are
tightly bound to the microtubule ends, a scaffolding mechanism must exist that
permits the plugs on the A-microtubules and, possibly, those attached to the central
microtubules to be moved up the growing cilium at the site of microtubule assembly.
The presence of plug structures within the lumens of both A and central microtubules
suggests that similar mechanisms might regulate the associations of plugs with
microtubules. Since the plugs are at the growing ends of the microtubules it is possible
that they may be involved in the regulation of microtubule length, possibly by regulat-
ing access of tubulin to the microtubule end (see Dentler &LeCluyse, 1982ft). Recent
studies by Brunke, Collis & Weeks (1982) and by L'Hernault & Rosenbaum (1982)
have shown that tubulin is post-translationally modified as it is assembled into
Chlamydomonas flagellar microtubules and it is possible that one of the roles of the
capping structures is to carry out this modification.

Since it is now apparent that the central microtubule caps can be released from the
cilia it should be possible to study the associations between these capping structures
and tubulin or microtubules. Moreover, the isolation and characterization of the
capping structures may lead to the investigation of the ends of cytoplasmic
microtubules to determine if similar capping structures link the ends of these
microtubules to membranes, kinetochores, or other cytoplasmic structures. Although
capping structures have not been observed to be associated with cytoplasmic
microtubules, electron-dense material has been found between the plasma membrane
and the ends of microtubules associated with Tetrahymena contractile vacuoles (Allen
& Wolf, 1979; Scott & Hufnagel, 1983) and with secretory cells in planarians (Dent-
ler, unpublished data). Characterization of this dense material and its comparison
with proteins associated with the plugs in ciliary microtubules will depend on the
successful isolation and characterization of the ciliary microtubule capping structures.
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